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Preface

This guideline was developed as an ad to hdp in the understanding of
Microdectromechanicd Sysems (MEMYS) rdiability and to facilitate the insartion of this
technology into high rdiability gpplications. Modded &fter the GaAs MMIC Rdiability
Assurance Guiddine for Space Applications by Kaydi et d., it was felt that a guideline would
be more advantageous to people than a trict specification. With the MEMS industry as diverse
asit istoday, it seemed presumptuous to lay out specific tests for every MEMS device inserted
into space as that kind of document would be unduly condrictive to some gpplications. Rather
this document was intended as a MEMS educationa guide, offering descriptions of the most
common devices and technologies and the steps required to meet the demands of the space
environmen.

The focus of this guide is upon methods rather than tests and as such, it is assumed that
the ultimate respongibility for reiability lies in the hands of the user. Ultimatdly it is fdt that the
designers and the customers will have to reach an understanding as to the exact qudification
needs of a particular device.

The guiddine begins with a chapter on the recent developments in the fidd of MEMS
and the need for an understanding of related reliability issues. Chapter 2 offers a basic review
of reiability modds and of semiconductor falure didributions. This chapter is intended to ad
the reader in understanding the meaning of rdiability tests in genera, and how they may apply to
MEMS.

Chapter 3 describes the known falure mechanisms that have been characterized in
MEMS technology. While the bulk of the chapter is dedicated to mechanica fracture, it must
be understood thet each falure mechanism will have a different level of predominance on
different devices. Chapter 4 describes the basic materiad properties of common MEMS
materias and relates these to the theory presented in Chapter 3.

Chapter 5 provides a description of common MEMS processing techniques. Both the
discrete steps used to make the devices and the combination of those steps into a coherent
process are discussed. A description of common MEMS device dements is presented in
Chapter 6, dong with relevant reliability concerns.

Chapter 7 discusses methods for modding structure using finite dement andysis.
Chapter 8 involves reiability issues in packaging. Chapter 9 describes common test structures
used to characterize the materias properties and structures discussed in Chapters 3 and 6.



Findly Chepter 10 offers a summary of the ways to use the information from the
previous chapters to develop ardiable, space qudified, MEMS device. The informétion in this
document is only a compilaion of much deeper works and it is fet that users of this guiddine
should reference other documents listed throughout this guiddine in the process of furthering
MEMS relighility.

| would dso like to thank the people involved in the production of this document.
Sammy Kayai provided both technical advice and mora support throughout the arduous
process of writing this guiddine. Joseph Berngein helped in the organizaion of the guiddine
and helped me to understand the materia in Chapter 2. Bill Tang of the Micro Devices
Laboratory a JPL gave great help in the processing area and lent his generd expertise to
improving the quality of the guiddline. Dave Gerke, the resident packaging expert at JPL, was
indrumenta in producing the materia on packaging issuesin MEMS. Jm Newd| and Kin Man
in the Engineering Technology section at JPL provided invauable modeing and dynamic testing
materid for the guiddine. Finaly, Thomas Kenny proofread the document and provided
vauable feedback in the editing phase.

| would aso like to acknowledge those people that did not contribute to the document
itself, but who helped to make it possible through their encouragement. Russdll Lawton, as the
Pl for MEMS Rdiahility at JPL, procured the funding for this document and acquired many of
the images contained herein. Nod MacDondd, an dectricd engineering professor a Cornell,
provided the academic encouragement to enter into this emerging fied and, without his teaching,
this document would never have been produced. Norman Tien, dso an eectricd engineering
professor at Cornel, helped by explaining some complicated issues in the field of surface
micromachining. Rishi Khanna, Vadis Rigdon, and Dipak Srinivasan, dso of Cornell, provided
the incentive to  gtart writing this document back in December of 1996. Greg Radighieri of
Texas A&M dso heped through his input and vauable indght into mechanica engineering
iSSues.

Brian Stark
August 1998



Abstract

This guide is a refeence for underganding the various aspects of
microdectromechanicd systems, or MEMS, with an emphasis on device rdiability. Materid
properties, falure mechaniams, processng techniques, device dructures, and packaging
techniques common to MEMS are addressed in detail. Design and qualification methodologies
provide the reader with the means to develop suitable qudification plans for the insertion of
MEMS into the space environment.
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Chapter 1. I ntroduction
B. Stark and W. C. Tang

This chepter offers a brief description of the MEMS industry as it stands today.
Assuming no familiarity with the subject matter, it explains the basic concepts benind MEMS
and how they are being applied to meet current technologica chdlenges in different markets.
This chapter dso describes the basic methodology that will be applied throughout this book
towards qudifying a high-reliability MEMS device.

l. A Brief Description of MEM S

MEMS is an acronym that stands for microelectromechanical sysems. It is a broad
term that encompasses a fairly nebulous group of products. Essentidly, MEMS are any
product, ranging in Size from a micron to a centimeter, that combines mechanical and eectrica
gructures. Although the possible scope of MEMS is fairly limitless, for the sake of conventions
and the need for brevity, this book will only address the more common MEMS technologies.

Initidly MEMS developed from technologies used in the semiconductor industry for the
production of dectronic circuits. Less than 10 years after the invention of the integrated circuit,
H. C. Nathanson used microdectronic fabrication techniques to make the worlds first
micromechanica device[2] By the early 1980s, due to massve improvements in processing
technologies, micromechanica devices grew in popularity. In the ensuing years, a new industry
was born, where dectromechanica systems could be redlized on micrometer scales. The result
was awhole new class of sensors and actuators that performed common tasks on smaller scales
that wereidedlly suited for mass production.

MEMS, in its most conventional sense, refers to a class of batch-fabricated devices
that utilize both mechanical and eectrical components to smulate macroscopic devices on a
microscopic scae. This guiddine focuses upon the conventiond definition of MEMS. The
essence of MEMS is that they are smdl devices that perform mechanical tasks in ways and,
more importantly, in quantities that conventiona devices cannot.

1. The Potential of MEMS

In the weke of the exploson of the microprocessor in the early eghties, the
semiconductor industry reveded its immutable law that smdler is better.  With economies of
scae turning tiny firms into industrid behemoths, it became evident that mass miniaturization,
aong with mass digribution, could produce huge revenues and subgtantively change the daily



lives of average citizens. Given the unmitigated success of the microcircuit, it became only a
matter of time before technologies would emerge that could bring machines to the microscopic
world and produce smilar results. With MEMS poised to do for machines what the transstor
did for computers, there has been a vast exploson of interest, and thus funding, in MEMS
research.

MEMS are used to perform the tasks of macroscopic devices at a fraction of the cost
and with, occasondly, improved functiondity and performance. By using Smple mechanica
Sructures and tailoring integrated circuits to suit specific tasks, designers have seen a dragtic
reduction in device scaes and the implementations of functions that were previoudy unredized.
Their sze done makes them attractive for limited mass applications, with the automotive,
biomedica, communications, data storage, and aerospace industries taking a keen interest in
MEMS developments. Far more promising, though, is the possible reduction in cogs offered
by MEMS. By combining increasing throughput with fixed cost structures, manufacturers can
linearly reduce prices by a comparable production increase. Offering economies unique to the
semiconductor industry, MEMSS have the potentid to revolutionize the indudtrid age.

The effects of MEMS could enact sweeping reforms within the space industry. NASA
hopes to eventudly phase out the large satellites that it employs to reach the farthest pointsin the
solar system.  With every kilogram sent to Mars costing upwards of one million dollars, the
potential of sending afully integrated spacecraft weighing afew

Figure1-1:. A partially packaged microgyroscope developed at JPL.



kilograms instead of the thousands of kilos offers sgnificant monetary benefits. With MEMS
cgpable of performing certain functions of macroscopic devices, the benefit of cutting the cost of
research missons cannot be understated given this era of shrinking budgets. Space applications
of MEMS are only asmdl part of ther full potentid. MEMS are dso capable of revolutionizing
the information age by changing the daily fabric of our terrestrial existence.

1. Current MEM S Technologies

Undergtanding the stated advantages of MEMS, designers have started developing a
range of products to suit their needs. The first mgor MEMS to hit markets were pressure
sensors for engine control in cars. This development was followed by the introduction of
microaccel erometers, which were pioneered to provide zero-fault air bag deployment systems.
Integrating a diagnostic circuit into a sensor, engineers were able to produce a device that could
not only sense acceleration but that could aso detect internd falures. Replacing afaulty system
based on ball bearings and plagtic tubing that was prone to misfire, these devices swept through
the automotive industry. Building from the technologicd, as wel as commercid, success of
these initid desgns, engineers have developed MEMS to act as a wide variety of motion
sensors. Recently intense research has been conducted into producing microgyroscopes as part
of afully integrated inertid reference unit. Development has dso commenced, seismometers,
anemometers, temperature sensors, pressure sensors, and hygrometers which, when
incorporated with accelerometers, could provide miniaturized westher stations.

MEMS have dso shown promise for aerospace applications. Research into
magnetometers shows that it may be possible to build devices that far outperform traditiona
solid-state sensors, which could provide cost saving reductions in the weight of spacecraft.
Furthermore, the bulky propulsion systems in modern satellites will be phased out by advances
in micropropulson coming from new generations of ion drives and microthrusters.  Recent
developments at universities have shown that MEMS microactuators, when placed upon the
leading edge of arcraft, can offer ggnificant drag reduction and thus increese fud
efficiency.[182] Some even more interesting research has led to the design of a MEMS
controlled arcraft, where control surfaces are replaced by micromachines, which could offer
unprecedented control and diagnostic capabilities.

One of the more promising fieldswithin MEMS is the concept of opticdd MEMS. Usng
micromirrors placed on top of memory arays, researchers have developed a televison
projection unit on a semiconductor wafer that has dl the functiondity of a cathode ray tube|[3]
Another promising development is in the field of optical switches. Conventiond optica
switching networks are codly and, with the forecasted growth in opticd communications
systems, chegper dternatives are a a premium. Multiple groups have developed MEM S-based
optical switches that can be produced at a fraction of the cost of conventional systems.



With the digital age largely upon the American public, MEMS ae poised to offer
greater improvements in computer technology. Given that power disspation of the average
microprocessor increases with every generation of microchip, microtubules research has been
initiated to attempt to find better ways to conduct heet away from integrated circuits. MEMS
structures have aso been developed as microprobes for integrated circuits[10] Usng MEMS,
it may be possible to take point contact voltage and current measurements on MiCroprocessors.
Another exciting development has been the pioneering of nanometer scale data Sorage. With
miniaturized tunndling tips now possible, engineers have developed systems that could eventudly
gore information at commercialy competitive speeds in an areatwenty nanometers on aside.

Another field that shows promise is the development of biologicd sensors. MEMS
provides an opportunity for the development of new sensors to monitor the human environment.
Researchers @ JPL have begun to develop MEMS-based pills that can provide information
about the digestive sysem. Ancther interesting gpplication of MEMS has been in the
development of new biologicad insruments. Researchers have, among other developments,
produced probes to measure the strength of the human heart cell.[183]

While the potentids of MEMS are dmost limitless, production of commercid parts has
been heretofore limited. MEMS, as products of a young industry, remain largely prototypical.
While their potentid have been demondrated their actua implementation has been rdatively
scarce, with commercia successes till the exception rather than the rule. In order for this rapid
growth to be redized, the field of MEMS reiability will need to rapidly mature.

IV.  TheNeed for, and Role of, MEM S Reliability

With MEMS 4ill in their infancy, the question has been posed as to the need for
reliability issuesin MEMS. The god of thisbook is not just to provide rdiability information for
the current designers but to set the standard for reliability in MEMS for the foreseeable future.
Given the amost unstoppable commercidization of MEMS, rdligbility issues that have previoudy
been ignored are destined to become of paramount importance. Researchers at NASA fed that
these issues must be raised in unison with the development of MEMS in order to assure their
rgpid insertion into industrial and space gpplications.  Undergtanding the future of the MEMS
indudtry, it would be shortsighted to ignore the importance of reliability.

In confronting the issues of MEMS rdiability assurance, users will certanly have
different requirements and this book could not hope to address them dl. Undoubtedly a
Martian probe will have a different set of requirements and specifications than a communications
satellite, but there will be smilar methodologies for assessing qudification for both. Thisbook is
designed to utilize basic amilarities in desgn requirements to provide a means of developing
high-reliability MEMS parts. In order to produce a high rdiability, or high-rel, part one must not
only examine the device itsdf, but one must dso examine the entire process surrounding the
part, from conception to finish. This means that the process must be qudified, with the supplier
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fully invedtigated, the design verified, and the packaging certified. This book lays out the
methods to perform this task in an efficient manner that ensures the development of a high
reliability part without enforcing cumbersome specifications.

V. Additional Reading

Hdvgian, H. ed. Microengineering Technology for Space Sysems, The Aerospace
Corporation Report Number ATR-95(8168)-2, El Segundo, CA (September 30, 1995).

O'Rourke, L. Space Applications For Micro & Nano-technologies, European Space Agency,
Noordwijk, The Netherlands (April 1997).







Chapter 2. Reliability Overview

B. Stark and J. Bernstein

Rdiahility is understood in modern times as the probakility that an item will perform its
required task for a st amount of time. Rdiability is ultimately a measure of the rate a which
things fail and can be used to make intelligent predictions about the performance of a system. If
the assumption is made that a system is operating at timet = 0, and atime T is defined as the
timeto falure, thenit is possble to define the complementary failure and reiability rates as:

F(t)° P{T £1}
(2-1a)
R(T)® P{T >t} =1- F(t) (2-1b)

where
P{a = The probability that the event *a will occur
F(t) = The probability that a system failsin [0,f]
R(t) = The probakility that a sysem survives until timet

From probability theory, it is known that F(t) and R(t) are non-negative and that F(0) =
0 and F(¥) =1, ance dl patswill eventudly fal. A good measure of reiability in the interva
(t,t+Dt] is the probability that a system does not fail in the internd (t,t+Dt], given that it has not
faled by timet, which iswritten as

PTT (t,t+Dt]|T >t} (2-2)

this quantity is known as the conditiond reiability of a sysem of age t, represented by the
expresson R(Dt|t) and is related to R(t) by Equation 2-3.

R(t + Dt)

R(Dt |t) = RO

(2-3)

It should be gpparent that R(Dt|0)=R(Dt), snce R(0)° 1, as defined earlier.



l. Reliability Measures

The main chdlenge of rdiability andyssisto quantify a sysem’sreiability. This can be
done in a number of ways by utilizing some important probability principles. When data from a
relidbility test is first collected, it is plotted as falure versus time. This plot is usudly smoothed
by fitting the reigbility data to established reiability models, which are discussed later in the
chapter. After thisis done, the probability dendty function, or pdf, is determined.

A. Probability Density Function

The measure of the probability of failure around a point in time, t, is represented by the
probability dengty functionof T:

f(0)° —dzt(t) — jjm P2 F(O

D®o Dt (2-4)

f(t) is for asmal Dt, gpproximately equd to the probability of fallurein the time interva [tt+Dt].
Oncef(t) isfound by whatever gpproximation is made for the failure function, one can determine
the failure rate, which is the same as the rdiability rate.

B. FailureRate

The ingantaneous falurerate is defined as;

Plt<TE£t+Dt|T >t

| (t)© lim = (2-5a)
which can be rewritten as;
 Plt<TE£t+Dt
)= lim {DtP{T > ! (2-50)
_ 1 F(t+Dt)- F@t) _ f(1)
O Roin T TRy (2-50)
Sincel (t) = f(t)/R(), it is also possible to definel (t) by:
___1 dR(y) 2.6
" R(t) dt g (269
L0 =- 2 (nRe)
aqt (2-6b)



This can be rearranged to give:

I(R(t)) - I(RO)) =-@ (T)dT (2-60)
Thus, given that R(0) = 1, it is possible to determine R(t) asafunction of | as.

¢ (MdT )
Ri)=e S
So,if | iscongant for aperiod of time, the reliability functionis
Rit)=e " (2-8)

which is the exponentid modd of rdiability. However, for most systems, the fallure rate is not
congant with time. In fact, the change of | with time becomes one of the most important
reliability measures. A decreasng | indicates improvement with time, while an incressing |
indicates wear-out and areduction in reliability over time.

C. TheBathtub Curve

By looking a a plot of falure rate over time, it is possble to derive substantive
information abouit religbility. From experience in the semiconductor indudtry, it has been shown
that most devices, including MEMS|[50] have a falure rate | (t) that is shown in Figure 2-1.
This modd is known as the bathtub curve and was initidly developed to modd the failure rates
of mechanical equipment, but has snce been adopted by the semiconductor industry.

The bathtub curve can be reduced to three regions of reliability. The falure rate of a
successful part is initidly high and fdls off as latent defects cause devices to fal until a time,
tinfant, & Which point the falure rate levels off. A decreasing failure rate will typicdly judtify initid
testing and burn-in. The fallure rate remains congtant for a period of time specified as the useful
life, tuser. Failures that occur during this period of time may be consdered random and, for
high-rel operations, | should be exceedingly smal. Findly, after toperaion, Oevices begin to
exceed therr lifetimes and wear-out causes the curve to rapidly increase. From this data it is
evident that t s, can be defined as.

tuseful = toperation - tinfant (2-9)

Asindicated by the bathtub curve, manufacturers aim for the failure rate to remain fairly
congtant over tueru Which justifies using the exponentia reliability model for each part to be

used in sysem rdiability models. The time scde is often plotted logarithmicdly, dthough the



e USEFUL LIFETIME
— >
I
L
|_
<
0 d
L
@
)
=
<
L
INFANT CONSTANT
WEAR OUT
MORTALI'LY < FAILURE RATE > < >
TIME
EE—

Figure 2-1: The Bathtub curve.

vaues of tyssu and tincane are rarely well defined. Consequently, every manufacturer has its own
gpecific test and burn-in procedure to maximize the rdiability of each product.

D. Predicting Timeto Failure

Sometimes it is desrable to discuss the average time to fallure instead of the probability
of falure. Thisvaue, cdled the mean timeto falure (MTTF) isdefined as:

¥

MTTF ° gf (t)dt (2-10a)
0
It isaso possible to prove[108] that the MTTF equas
i 2-10b
MTTF = OR(t)ct (2-10b)
0
Once adevice is operaiond, amore useful vaue is the mean resdud life, or MRL.
This quantity is derivable as.
1 ¥

MRL(t) = RO OR(M)dT (2-11)

t

It should be noted that MRL(0) = MTTF.
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E. FailureRate Units

Since, for mogst systems, | (t) is a amdl quantity, specid units are used to describe
religbility. The falure rae is given as the number of units faling per unit time. In common
operation, this number, when expressed as the number of devices falling per unit time, K, isa
fraction of a percent. To make this function more useful, the values are scded to a more
meaningful time frame. Thus | (t) is expressed as tenths of a percent of devices faling per
1" 10° hours or as the total number of devices failing in 1” 10°hours  This latter quantity is
known asthe fallurein time, or FIT, and is the common unit of religbility defined as

1 failure (2-12)
1" 10°device hours

1HT =

A HT isan goproximate rate measure over the useful life of a part, assuming a constant
falure rate, given the bathtub curve modd, the FIT rate = | /10°, where | is the congtant failure
rate shown in Figure 2-1.

¥ 1
>
=
—
om
<
o
o)
T 1/

>

' TIME

Figure2-2: Probability of survival to timet.

. Probability Models
Severd standard probability modes are often used to model failure of systems.

A. TheUniform Digtribution

The uniform modd is the most common probability mode used to predict the lifetime of
sysems. For a sysem with multiple components with disinct MTTF and | s it is often only
possible to modd the entire system as having a combined falure rate | ., Assuming thet the
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falure rate of a sngle component will conditute a total falure, then it is possble to directly
determinel . by:

o

] -IT,_-l-Oz

@O

Rt)=O R =e'te' " =gt 5 p (2-134)

Qo

I (2-13b)

e

i=1

wherel ; = falurerate of the ith component of a sysem. A system that has any redundancy or
error tolerance will be more difficult to mode in detail, but generdly, a series sysem will have a
reliability determined by Equations 2-13. The pdf of thismodd is:

f(ty=1," 2:14)

which is shown in Figure 2-2. This modd is often the only available predictor of rdiability for
multi-component systems.

B. TheWaebull Digtribution

\ 05—1" 2

f(t

\

.

\
_— X
7

tme

Figure2-3: Thepdf of the Weibull function with different b values.

In a system composed of n components, the probakility of the first component failing is
determined by:
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Fy=0F0 (2159

where F, is the probability of falure of the ith component. For systems where al components
exhibit uniform failure rates, the probakility of fallure of the system can be expressed as.

FH) =(1-e") (2-15b)
Thismodd is cdled the Weibull modd. It is conventiondly written as:
f@t)=a®ot®e® and | (t) =a®bt"* (2-16)
where
a =the scae parameter
b = the shape parameter
The shape parameter enables the Weibull ditribution to model multiple aging trends:
If 0<b <1,thenl (t) is decreasing with time
If b =1then| (t) iscongtant =» the exponentia mode
If 1<b <¥ then| () isincreasng with time.

For the Welbull digribution, the MTTF isgiven as

MTTF =15§i+ 12 (2-17)
a b g

where Gis the gamma function, which is defined as

¥
G(x) = ¢ e dt for x>0 (2-18)
0
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C. TheNormal Distribution
Physical data often fits a Norma, or Gaussan, digtribution.  This digtribution is derived

from the centra limit theorem, which dates that the digtribution of a large number of random
vaues usudly resultsin anormd digtribution, no matter what their individud digtributions were.

The normd digtribution is expressed by the equation:
(2-19)

\\
v

/ .

Figure 2-4: pdf of thenormal distribution.

1 et
0= = oy
where
S = the standard deviation
to=the MTTF
For thismodd, F(t) and R(t) are given by the respective error and complimentary error
functions F and 1-F . Thisfunction isusudly gpproximated by
5 (2-20)

F(z)=%2pe
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D. TheLognormal Distribution

S
7

log (time)

Figure 2-5: pdf of thelognormal distribution.

The logarithm of many falure times are found to be normdly didributed in what has

been termed a lognorma didribution. The physicd judtification for the lognorma mode is that
thermdly activated sysems will have afalure rate thet is determined by the Arrhenius relation:

®E, 0
-l
MTTF (T) = toe ekl 2 (2_21)

where:
E, = the activation energy

k = Boltzmann constant (8.6" 10” eV/K)
If the activation energy, E,, isnormally distributed in energy:

1 -(EEw)
p(E) = S@e S (2-22)
then the fallure rate will have the form:
1 _adn(t-to)gz
0 =— o e £ 15 (2-23)
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For thismodd, F(t) isgiven by

Fz—,’én(t- to)Q
€ s o

1. Application of Reliability Models
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Figure2-6: An example of using the lognormal distribution to predict lifetimein ICs. Each data point
representsalifetest and theline provideslifetime data at any given temperature.

While the above models offer a good bads for describing reiability, they must be
accuratdy utilized to predict lifetime data. The smplest way to measure rdiability is to submit a
large number of samples to testing under norma operating conditions until failure occurs.
However, snce mog high-rd goplications utilize devices with lifetimes of severd years, this
approach is often too costly and time-consuming for most applications. Instead, devices are
operated under accelerated conditions for a shorter period of time until failures occur and then,
using probability theory, actua device lifetimeis reconstructed.

Whilethiskind of testing is rdatively smple for purely dectrica systems, it is sgnificantly
more difficult for MEMS or for any mechanica sysem. Since failure mechaniams are not well
understood, there is no smple test to accelerate lifetime. To further compound matters, the vast
difference in types of MEMS devices means that each set of devices may require unique
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accderdtion conditions. These kinds of difficulties are not encountered in purely eectrica
systems because lifetime is determined dmost exclusvely by the rate of thermdly activated
processes. These interactions are easy to accelerate by increasing temperature. In MEMS, on
the other hand, it may be temperature, humidity, vibration, or a number of other factors that limit
device lifetime, and accderating one fallure mode may decelerate another.

Once life-test data is collected, it can be modeled with one of the above probability
digributions. Take, for example, data that fits alognormd distribution. This can be determined
by plotting the data on a lognorma graph. If the life-test data fits into a Sraight line, then the
data fits into a lognormal digtribution. The intersection of this sraight line with 50% cumulative
falureindicatesthe MTTF.

To accurately predict lifetime at any operating conditions, at least three digtinct high
dress tests must be performed. The median lifetime from each of the three tedts is then
trandferred onto alognormd plot and fit with aline. Median life & any operating condition can
then be determined.

In aworld with limitless resources and time, lifetime test would be conducted with nearly
infinite sample szes. Since this is a practica impossbility, the sze of the sample must be
consdered in determining the confidence in lifetime predictions. Confidence is expressed in
terms of a percentage, where a confidence value says that for a given percentage of the time, a
test would yidd aresult within the two limits of thetest. Thus an upper and lower confidence of
90% on respective lifetimes of two and four years means that nine out of every ten tests would
predict a lifetime between two and four years. The following equations yield confidence
limits[118]

upper limit= T, =~ e(!( @’ s/N) (2-2449)

lower limit =T, ~ et t(-ama s/ (2-24b)
where
s2 = the sandard deviation in the data

Ttegt = median life at test temperature

t(df, alpha) = vdue from the Students t distribution (see ref. [118] for more detail on

this subject)
df = degrees of freedom (N-1)
alpha = (1% confidence) / 2
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N =samplegze

Due to the variahility of test data, it should be gpparent that an understanding of falure
mechaniams within MEMS is criticd to determining device lifetime. This kind of information can
only be determined from further research into MEMS rdliability. As stated above, the diversity
of MEMS technologies on the market dmost necesstates an individualized approach to a
datigtical lifetime sudy. One of the great obstacles to space qudifying MEMS is the
individudity of the devices. MEM S manufacturers do not have the luxury of ASIC and MMIC
designers, who can use a great ded of prior work and knowledge in space qudifying their
products. Despite these obstacles, it is inevitable that MEMS will eventudly work their way
into high-rel gpplications and this methodology will provide the means for redlizing thet god.

V. Failure

While this chapter has devoted alot of time to quantifying rdiability, it has not discussed
the roots of rdiability, namey failure. The time dependence of rdiability, R, and falure, F, are
complimentary, so the rates are both equa to the falure rate, | . In order to accurately study
MEMS rdliability, the nature of failures must be quantified. Failure may be separated into two
digtinct categories.

(1) Degradation failure, which conssts of device operation departing far enough from
norma conditions that the component can no longer be trusted for reliable operation

(2) Catadtrophic failures, which are, as the name implies, the complete end of device
operation.

Failures occur when the stresses on a device exceed its strength.  While the most
prevdent falure mechanisms in MEMS are not yet fully understood, there is a greet ded of
knowledge about failure mechanisms within more common semiconductor devices, which should
have a bearing upon falure within MEMS,

In order for a device to be classfied as high-rd, it must meet some basic criteria The
mogt dgnificant of these is that a device canot exhibit a dominant falure mechanism. This
ensures that there is no inherent design flaw that prohibits long-term reliable device operation.
In order to make this assessment, the fallure mechanisms with a device must be
understood.[109]

The identification and mitigation of failure mechanismsin MEMS is both one of the most
important and one of the newest issues in MEMS. The most relevant way to keep abreast of
the fallure mechanisms within MEMS is to search the current literature, as data contained within
this manua is dmaost sure to be revised after publication. With thisin mind, Chapter 3, “Failure
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Modes and Mechanisms’ provides a description of the most commonly observed fallure
mechanisms and associated failure modesin MEMS.

V. Additional Reading

E. A. Amerasekera and F. N. Ngm, Fallure Mechanisms in Semiconductor Devices: Second
Edition, John Wiley & Sons, New Y ork, 1997.

C. C. Montgomery and G. C. Runger, Applied Statistics and Probability for Engineers, John
Wiley & Sons. New York, 1994.
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Chapter 3: Failure M odes and M echanisms
B. Stark

A criticd part of understanding the riability of any sysem comes from understanding
the possble ways in which the system may fal. In MEMS, there are severd failure mechanisms
that have been found to be the primary sources of failure within devices. In comparison to
electronic circuits, these faillure mechanisms are not well understood nor easy to accelerate for
lifeteging. Inany discusson of failures, the definition of failure mechanisms, or causes of falure,
often overlaps with the definition of failure modes, or observable fallure events. To dleviae this
confusion this chapter has been roughly organized by falure modes, with mechanisms being
described within the sections on the modes they cause. Failure mechanisms that do not have
clearly associated modes are discussed at the end of this chapter.

l. M echanical Fracture

Mechanicd fracture is defined as the bresking of a uniform materid into two separate
sections. In MEMS it will usudly lead to the catastrophic failure of a device, dthough there are
some structures that will have more moderate performance degradations.[5,8] No matter what
the actua outcome, any fracturing is a serious rdiability concern. There are three types of
fractures, ductile, brittle, and intercrystdline fracture. Ductile fracture, as the name implies,
occurs in ductile materids. It is characterized by amost uninterrupted plastic deformation of a
materid. 1t is usudly Sgnified by the necking, or extreme thinning, of a materid a one specific
point. Brittle fracture occurs along crysta planes and develops rgpidly with little deformation.
Intercrystdline fracture is a brittle fracture that occurs dong grain boundaries in polycrysdline
materids, often beginning at a point where impurities or precipitates accumulate. For MEMS
the latter two types of fracture are more common. To understand the actua causes of fracture
and the methods for predicting it, severd terms must be first defined.[27]

A. Definitions

Mechanicd falure in a crystd lattice occurs when an gpplied stress exceeds the failure
sress of the structure. Stresses are separated into the two categories of norma and shear
stress. Normal gress is defined as stress perpendicular to a plane in a materia, while shear
gress occurs pardld to a plane, as shown in Figure 3-1. In solid materids, dress is linearly
related to a concept caled strain, which is the fractiond eongaion of a maerid. The
proportiondity congtant between stress and grain is, for smal norma loads, caled the modulus
of dadticity, or Young'smodulus. The actud deformation of a cubic volume will depend upon
al the stresses gpplied to it:
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where

In cubic crystas, such as S and GaAs, the tensor reducesto:
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Figure3-1: Generalized stressstateson a 3-D unit cube.

(3-1a)

One important aspect of this tensor is that E=E;, so that there are actudly only 21
independent congtants.  Further smplifying this effect is the interna symmetry of most crydals.
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While not dl materids have just three independent dadtic condants, it is unlikely to find even
highly anisotropic crystds with more than nine dagtic congtants.

[001]

[010]

——Silicon === GaAs

Figure3-2: Young'smodulusasafunction of crystallineorientation for Si and GaAsalong the

<100> axis.

One of the difficulties in using Equation 3-1b is that, in an anisotropic crystd, the eagtic
modulus will vary with crysaline orientation. To account for this variation a plane modulus is
defined with the crystd orientation by

E[hkl] = (3-2

€l
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In order to rdate the modulus of a crystdline plane to the agtic congtants in Equations
3-1, thefollowing equation is used:

EF@fy)=sy- 25, - s, - 058,)(1117 +1515 +1715) - (3-3)

where
Y >y
S, = E.*E,
1 i
(E11+2E12)(E11’ E12)
S, = - By
2
+ -
(B +28,)(By - ) Figure 3-3: Euler's angles[91] These
arethe angles formed between the <100>
s :i axisand an arbitrary <hklI> axis.
A4
E44

g, f,y =Eule’sangles, defined in Figure 3-2

l1, I, 13 = the direction cosines defined by the following matrix

d, m nu écosf)cosf)cosy)-sinf)sinf)  cos()sinf)cos )- sinf)sinf) - sin@)cosy )u
22 m, nzﬁ=2— cosf)cosf )sinf )- sinf )sinfy ) - cosy) sinf ) cos( ) - sinff )sing/ ) Sin(Q)Sin(V)H
8, m nj{ & cos() cosf ) cos(]) cosf ) cos) #§

Themodulus of S and GaAs as afunction of crystaline orientation is shown in Figure 3-2.[32]

In common nomenclature the condants, s;3, S, and sy ae caled compliance
coefficients. This equation reveds that the {100} planes of S have an eagtic modulus of 130
GPa, while the {110} planes have a modulus of 165 GPa. For the { 111} planes, with a q and
f angleof 45° and ay angleof 0°, the value of B111y is 187 GPa, which is the stiffest plane in
dlicon As aresult, wear effects will be most severe in theg[100] direction because it has the
lowest diffness of any crystd planesin dlicon. It must aso be noted that &3, E», and Ey are
usualy defined relative to the <110> planes, while 51, Spp, and sy, are generdly defined rdaive
to the <100> planes.

Poisson’s ratio is dso orientation-dependent, with the basis vector given dong with the
vaue of the number. Poisson's ratio is normaly defined in terms of the dastic compliance
coefficentsas n = -spp/sy;. If alongitudind stress is congdered in a direction thet is displaced
from the { 100} planesby anglesq, f, andy , it has been proven [48,49] that
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Figure 3-4: Poisson'sratio asa function of anglein the (100) planewith | and m
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8+ (8- 8- 58,)(27 +13m8 + 12nE) (34

n=-
S, - 2(511 S, - 5544)( 2| +|22|3 +|12|3)

While these considerations are important in the sudy of MEMS, they are difficult to
resolve andyticaly. For smplicity's sake, researchers design structures that will only be forced
in orthogond directions, so that Y oung's modulus and Poisson’'sratio can be trested as uniform
vaues. For this reason, the remainder of this guideine will treat Young's Modulus and
Poisson’s ratio as a single vaue, with the implicit understanding that these quantities are actualy
dependent upon crystal structure.
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Once the definitions of stress and strain are understood, it is possible to understand how
sressleadsto failure.
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Figure3-5: Stressversusstrain relationshipsfor bulk Si and GaAs".

B. Stress-Induced Failure

In Figure 3-2, the process of crystd lattice failure is illugtrated through a diagram of
dress versus drain. As can be seen, the gpplication of stress causes a linear increase in dran
until fracture. This is a function of the brittle properties of these materias, brittle materids
deform eadticdly until fracture occurs. To understand the fracture tolerances of a MEMS
device, asin any mechanicd structure, one needs to determine the maximum stresses.

The maximum dgress in a device usudly occurs near dress risers, or concentrators.
Stress concentration occurs when there is a sudden change in the cross section of a material. At
these points, dress is usudly non-uniformly distributed and somewhat difficult to anayticaly
resolve. Since most engineers are more concerned with maximum dress rather than average
dress, this vaue can be caculated by defining the stress concentration factor K as:

K = S mac (3-5)
S

ave

! Thischart isidealized. Inactuality thereisasmall curvature to the stress strain curve of any material.
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where
S max = Maximum giress at a stress concentration point
S ae = &vErage sress a a stress concentration point
K is a function of the geomelry of the dress riser and is typicdly graphicdly

represented. S 4. Can be cdculated from basc structurad anadyss, which dlows s to be
determined.
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Figure 3-6: Stressconcentration factor asa function of geometry for thin beams.
(from [11])

While andlyss of dress will determine if a materid has exceeded its fracture srength,
some new concepts will have to be introduced to understand what factors limit the strength of
materids. Many of the mechanica fallures in crystdline solids occur as the result of defects in
crystal sructures. These defects are the result of imperfect techniquesin crystal growth and are
criticaly important to the study of the properties of crystds. While a modern slicon wafer will
have relatively few defects[46] other materids used in MEMS have significant defect dengties.
There are severd kinds of defects that need to be examined.
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C. Point Defects
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Figure3-7: Different point defects. A isavacancy, Bisan interstitial. Cisa Point replacement while D
and E are 2-D mappings of an edge and screw didocation, respectively.

Point defects are faults a a single point in acrysta. They tend to create very localized
internd grains and do not usudly have the magnitude of an impact upon crysd lattice integrity
that is common to didocations, which are discussed in the following section.  Point defects are
categorized into the following groups:

i) Vacancies

A vacancy is the lack of an atom at a specific point in a lattice where one would
otherwise be expected. This has the result, as most defects do, of limiting eectron maobility.
More important for MEMS is the fact that a vacancy will lower the yield strength of the materid,
as it weakens the lattice strength.  The missing atom causes the lattice to compress around the
vacancy, which creates an internd stressfield that is described by Equation 3-5.

_Glnl
p 1-nr?

Sy =-25; =-25 (3-6)

qaq

where

1-n

g, = 2GDvV

G = the shear modulus of a materid (E44 for cubic crystas)

DV = the change in the volume of the solid due to the vacancy.
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i) Inter itial
An interditia is an additiona aom which has become wedged between the atoms of a

latice. An interditid will have, to a fird order gpproximation, the same dress fidd as a
vacancy, except that the strength factor, g, becomes

_8pG 1+n _ 4
=T— hr -
3 1-on ' ° (3-7)

Yo
where
h» To. 1
A

ro = the radius of the foreign atom

A =the lattice parameter

iii) Point Replacement

In this case a Sngle atom has been replaced by an atom of a different dement. Often
this is done intentionally for doping purposes, but sometimes it occurs accidentaly as the result
of disorder in the lattice or impuritiesin the melt. Theses defects will have differing effects on the
mechanica properties of solids, but will usudly not be as large in magnitude as vacancies or
interdtitials[53]

D. Didocations

Figure 3-8b: Screw didocation. (from [37])

Figure 3-8a: Edgedidocation. (from [37])
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A didocation is a one-dimensiona aray of point defects in an otherwise perfect crystd.
They occur when a crystd is subjected to stresses that exceed the dadtic limits of materids.
Didocations are usudly introduced into a crystd through the presence of a temperature gradient
during crysta growth. Modern wafer processing techniques produce extremely low didocation
dengties on wafers. Didocations can be separated into two types.

i) Edge Didlocation

In this case awhole row of atomsis out of phase with respect to the rest of the lattice,
as shown in Figure 3-8a. The result of this phenomenon is a physicd barier in the crystd that
scatters electrons and weekens the crystal. An edge didocation crestes a dress fidd that is
defined by Equations 3-8a-€:

Gb  y(Bx*+y?)

T @) (Cryy (389
s = Gb  y(x*- y%) (3-8b)
T 2p(L-n) (C+y?)?
s,=n(s,+s,) (3-8c)
- Gb  x(x*- y?) (3-80)
Y 2p(@A-n) (¢ +yP)?
tXZ:tyZ:O (3-8@)

where

X, Y, z = distance from edge didocation, with the didocation in the plane of x and the z
axisis tangent to the didocation.

b = The magnitude of the Burgers vector of the didocation ~ afew lattice spacings.

i) Screw Didocation

This fault is much the same as an edge didocation except thet it is shaped like a spird
darcase, as shown in Figure 3-8b. Screw didocations also create stress fidlds in solids, as
defined below:

t,=20_Y
xx = 2p X2+y2 (3'98.)
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T p ey (3-9b)

x Uy TRy (3-90)

The essentid feature to recognize from these equations is that didocations introduce
dresses internd to materids that will significantly weeken crystd lattices. While these stresses
decrease quadraticaly with distance from the didocation, there clearly will be a strong loca
internd stress created by these features. Another factor to consider isthat the stress fields from
different didocations will interact, creating interna forces. From a MEMS rdiability standpoint,
this means that usng high qudity wafers with smaler numbers of didocations will ultimately
increase device rdiability and lifetime. For more information on this subject, Reference [37],
“Elementary Didocation Theory” by Weertman and Weertman offers a good, in-depth
discussion of didocation theory.

E. Precipitates

In metals containing another dement in a supersaturated solid solution, this solution
tends to precipitate in the form of a compound with the solvent metal.[53] In the presence of a
didocation, alomswill precipitate into the didocation, which will occur a the rate:

&S (3-10
el o
where
n(t) = the number of aoms precipitating in atime, t.
T = temperature

This phenomenon is used to harden materids by alowing precipitates to lock didocation
and prevent them from moving through the latice.  While this is found to be useful in
congtruction materids, it creates problems for MEMS devices using metalic compounds, such
as GaAs  The formation of precipitates creates an internd stress, which can significantly
weaken crystal lattices and is discussed in greet detail in Reference [53].
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F. Fracture Strength

The impetus for sudying defects is thet, for brittle materids, the fracture strength is a
function of the largest crystd defect. For a defect of length c, the fracture strength can be
determined by:[114]

YJc (3-11)
where

K. = Fracture toughness

st = fracture strength

Y = dimensonless parameter that depends on the geometry of the flaw

It is sometimes useful to approximate the defect as being penny shaped with aradius, c,
in which case the fracture strength is[17]

s 16K (3-12)
F —\/p_C

Normdly, a Gaussan digtribution of crysta defects is assumed for a given volume. This
would imply that thereis dso anormd digtribution of fracture strengths, as described below:

(5-5)2

f(s)=(2pd?) %2e =" (3-13)

where

d? = standard deviation in fracture strength

s = mean fracture strength

For this kind of fracture stress digtribution, the probability of failure of a body exposed
to adressfidd ismodeed by the Weibull probability distribution function of:

ot (3-14)
° [40]

where
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V = the volume of the stressed body
s = alower dgresslimit which isusudly egqua to zero in brittle materias (Pa)
So = aparameter related to the average fracture stress (Pa)

m = the Weibull modulus, a measure of the Satistica scatter displayed by fracture
events

For ample geometries, Equation 3-14 can be smplified to:
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Figure 3-9: Representative plot of the probability of the fracture of silicon under applied stress.

The Weibull modulus, which can be used to measure the rdiability of an engineering
materia, can be determined by alinear curve fit on asmple Inin-in plot. Thus, the probability
of fracture will be randomly digtributed by a Weibull modd, as shown in Figure 3-9. As such,
the fracture strength of a material can only be expressed as a probability distribution and not as
a specific vaue, which presents a chalenge for rdiability engineers. Since it is not known what
the ultimate fallure strength of a device will be, testing must be done on al devices prior to
insertion into the market to diminate devices with unacceptably low fracture strengths.

For common MEMS materids, severd fracture studies have been conducted. The
median fracture strength of silicon beams has been reported to be on the order of 6 GPa with a
Waeibull modulus of 10.1, dthough these vaues are strongly dependent upon the finished
compoasition of the beam.[40] GaAs had a fracture strength of less than hdf that of slicon, a
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2.7 GPa. These values compare favorably to construction sted, which fractures under 1 GPa
While this study provides a basdine for the srength of S and GaAs, they are not universaly
applicable. Fracture studies need to be conducted on every process, as mechanical properties
of materids are highly dependent on processing conditions.

G. Fatigue

Fatigue is afalure mechanism caused by the cyclic loading of a structure below the yield
or fracture stress of a materid. This loading leads to the formation of surface microcracks that
cause the dow weskening of the materid over time and cregte locdized plastic deformations.
While brittle materids do not experience macroscopic plastic deformation, they will il
experience fatigue, dbeit in amuch longer time frame than in ductile materids.

FRACTURE STRESES

N | | l l
10*  10° 10° 107 108
NUMBER OF CYCLES (N)

Figure3-10: Typical SN curve for aductilematerial.

Fatigue is typicaly modeled with a plot known as the SN curve. The plot, shown in
Figure 3-11, relaes the fracture dress, S, to the number of cycles of loading and unloading a
materid. Asshown in the figure, the fracture stress decreases with time and can eventudly fail.

Fatigue also causes a gradud change in the properties of a materia. After repested
cydling, which is often on the order of billions of cycles, Young's modulus will gradudly shift.
This shift will change the resonant frequency of many devices and degrade sensor outputs. Also
affected is the dampening coefficient, which will increase over time and change the resonant
frequency and Q factor of a structure. Electrica resstance of many structures will aso increase
over time. The combined effect of these changes can lead to degradation failure. Table 3-1
provides order-of-magnitude estimates in the changes that might be expected in these vaues
over thelifetime of adevice[95]
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Property P+ Silicon P+ Silicon coated P+ Silicon P+ Silicon coated
with aluminum coated with with oxide
nitride

origind | aged | origind | aged origind | aged | origind aged
Young's 129 136 | 117 113 134 125 | 127 123
Modulus (GPQ)
Dampening 600 770 | 741 779 436 588 | 631 685
Coeffident (H2)
Resistance (W) 9.9 15.3 | 199 22.7 4.93 9.55 | 10.3 125

Table3-1: Fatigueinduced materials degradations.[95]

Whilethistable is only indicative of one study, it does show thet fatigue isarea concern
for MEMS.

1. Stiction

One of the biggest problems in MEM S has been designing structures that can withstand
surface interactions. Thisis due to the fact that, when two polished surfaces come into contact,
they tend to adhere to one ancther. While this fact is often unimportant in macroscopic devices,
due to their rough surface features and the common use of lubricants, MEMS surfaces are
smooth and lubricants create, rather than mitigate, friction.[19] As aresult, when two metdlic
surfaces come into contact, they form strong primary bonds, which joins the surfaces together.
This is andlogous to grain boundaries within polycrysaline materias, which have been found to
be often stronger than the crystal materid itsdf. However, adhesive boundaries are usualy not
as drong as grain boundaries, due to the fact that the actual area of contact is limited by
localized surface roughness and the presence of contaminants, such as gas molecules.

Adhesion is caused by van der Waals forces bonding two clean surfaces together. The
van der Wadls force is a result of the interaction of ingtantaneous dipole moments of atoms. If
two flat pardld surfaces become separated by less than a characteristic distance of z, which is
approximately 20 nm, the attractive pressure will be:

P

A
=——[110 3-16
vdw 6p d3 [ ] ( )

where
A = Hamaker constant (1.6 eV for S)
d = the separation between the surfaces
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While this equation, since it ignores the repulsve part of surface forces, overestimates
the force of adhesion by at least afactor of 2, it isagood order of magnitude approximation for
adhesive forces. Typica values of d are on the order of several Angstroms.

In most MEMSS devices, surface contact causes failure. With the noted exception of the
smdl contact areas in microbearings, when surfaces come into contact in MEMS, the van der
Wadls force is strong enough to irrevocably bond them. Although some devices, such as
microswitches, are desgned to combat this problem through strong actuator networks, most
devices must be designed to diminate any surface interactions, in order to avoid the effects
shown in Figure 3-11.

Figure3-11: Polysilicon cantilever adheringto substrate.

.  Wear

Wear is an event caused by the motion of one surface over another. It is defined as the
removd of materid from a solid surface as the result of mechanicd action.[27] While there are
some mechanica operations, such as polishing and sharpening, that utilize wear in a congructive
manner, wear is generdly consdered an undesrable effect in MEMS. There are four main
processes that cause wear. They are called adhesion, abrasion, corrosion, and surface fatigue.

Adhesve wear is caused by one surface pulling fragments off of another surface while
they are diding. This is caused by surface forces bonding two materids together. When the
bonds break, they are unlikely to separate at the origina interface, which fractures one of the
materids.  The volume of a materid fractured by adhesve wear is determined by the
relationship:[27]
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S (3-17)
where

Sy = yield strength of the materia

kaw = materid dependent wear constant

x = diding digance

F = load on the material

kaw IS materid dependent. Severd useful gpproximations have been developed for
non-metalic wear between different types of materids:

Nonmetal on  Nonmetal on  Nonmetal on Layer-lattice

identical like nonmetal unlike nonmetal on
nonmetal nonmetal unlike material

Unlubricated 1.8 10° 9 10° 45 10° 1.5 10°
Poor lubricant 6 10° 3 10° 1.5 10° 6 107
Good lubricant 3 10° 1.2 10° 6 10”7 3107
Excdlent lubricant 1.5" 10° 6 107 3 107 9 10%

Table3-2: Wear coefficientsfor nonmetals'.[120]
Asagenerd rule, adhesive wear will be minimized with dissmilar hard materiads.

Initid studies on the long-term effects of adhesve wear have been completed, with
some interesting results being discovered. A study a Sandia Nationa Laboratories found that
wear rdated falures had a high initid infant mortdity rate, followed by a decreasing falure rate
over time. An interesting part of their discovery was that both the lognorma and the Weibull
model of falure rates described wear equaly well. While this seems a bit counterintuitive, upon
close ingpection both of these modds have farly smilar shapes of probability density and
cumulaive digtribution functions over the ranges in question.

Abrasive wear occurs when a hard, rough surface dides on top of a softer surface and
srips away underlying materid. While less prevdent in MEM S than adhesive wear, it can occur

! Traditionally the factor of 3 is dropped from Equation 3-15 and these values are expressed as 1/3 of the
valuesin thischart.
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if particulates get caught in microgears and can tear gpart a surface. Also defined by Equation
3-15, the constant kaw for abrasive wear is usudly on the order of 10 to 10°.

Corrosive wear occurs when two surfaces chemicaly interact with one another and the
diding process gtrips away one of the reaction products. This type of wear could cause failure
in chemicdly active MEMS. Certain types of microfluidic systems and biologicd MEMS are
susceptible to corrosve wear.  Corrosive wear is dependent upon the chemica reactions
involved, but it can be moddled as:

_ kewX (3-18)

where
hcw= depth of wear
kew = corrosive wear constant, on the order of 10* to 10°

Surface fatigue wear occurs mosily in rolling gpplications, such as bearings and gears. It
affects highly polished surfaces that roll insead of diding. Over time, the continued stressing and
unstressing of the materia under the roller will cause the gppearance of fatigue cracks. These
cracks then propagate pardle to the surface of a Structure, causng materid to flake off the
suface.  Surface fatigue wear tends to generate much larger particles than other wear
mechanisms, with flakes aslarge as 100 nm being common in macroscopic gpplications.[27]

In many actuator technologies, wear will increase the voltage required to drive a device.
Due to the polishing of the contact surfaces caused by wear, the adhesive forces will increase.
The increase in adhesion will require larger input Sgnasto drive adevice. Theincreasein drive
sgnd will, in-turn, increase to force, and thus wear, on a structure. As aresult, many structures
that have contact surfaces prone to wear, will experience a positive feedback loop between
wear and driving voltage that will eventudly lead to the catastrophic failure of a device. Either
the increase in voltage will create a power drain that exceeds the available power to the system
or theincrease in voltage will decrease the sability of the actuator until stiction occurs.

V. Delamination

Delamindtion is a condition that occurs when a materids interface loses its adhesve
bond. It can be induced by a number of means, from mask misadignments to particulates on the
wafer during processing. It can dso arise as the result of fatigue induced by the long term
cycling of structures with mismatched coefficients of therma expangon.

No matter what the actuad cause, the effects of delamination can be catastrophic. If the
materid is Hill present on the device, it can cause shorting or mechanicd impedance.
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Furthermore, the loss of mass will dter the mechanicd characteristics of a structure. While the
exact changes will depend upon the amount of materid that has fallen off, recent work[87] has
reported shifts of up to twenty five percent in resonant frequency in some devices.

V. Environmentally Induced Failure M echanisms

In addition to device operation, there are externa effects that can dso cause falure in
MEMS. Many environmental factors can lead to the development of fallure modes. As
discussed in the next section, environmentd failure mechanisms are one of the biggest chalenges
facing the insertion of MEMS into space.

A. Vibration

Vibration isalarge reliability concernin MEMS. Due to the sengtivity and fragile nature
of many MEMS, externd vibrations can have disastrous implications. Either through inducing
surface adhesion or through fracturing device support structures, externa vibration can cause
falure. Long-term vibration will aso contribute to fatigue. For space applications, vibration
consderations are important, as devices are subjected to large vibrations in the launch process.

Figure3-12(a, b): Cracksin singlecrystal silicon support beams caused by vibrationsfrom alaunch
test.[5]
B. Shock

Shock differs from vibration in that shock is a single mechanica impact instead of a
rhythmic event. Shock creates a direct transfer of mechanical energy across the device. Shock
can lead to both adhesion and fracture. Shock can aso cause wire bond shearing, a failure
mode common to al semiconductor devices.

C. Humidity Effects

Humidity can be another serious concern for MEMS.  Surface micromachined devices,
for reasons related to processing, are extremely hydrophilic. In the presence of humidity, water
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will condense into smdl cracks and pores on the surface of these structures. When the surface
equdizes with the amosphere there will be a curved meniscus of liquid on the surface, with the
two radii of curvature of the meniscus, r; and r,, determined by the expression:

ol 1

rr

_ v
RT log(P/P*") (3-19)
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0

2 8
where

g = surface tension

v = molar volume

P/P< = relative vapor pressure of water in the atmosphere

R = gas constant (1.98719 cal/mol-K)

T = temperature

Recent work has shown that condensation on surface micromachined surfaces will lead
to an increase in residua gress in the structures[28]  For two surfaces that come into close
proximity with each other, the condensation will adso create a capillary pressure between the
surfaces equal to:

2
v, = se) (320)

where
d = the separation between the two plates
q = contact angle between the surfaces and the liquid

Thus, a hydrophilic surface in a humid atmosphere will experience both condensation,
which will creste bending moment in structures, and capillary forces, which will creete stronger
adhesive bonds than Van der Waals forces done[110,114]

D. Radiation Effects

While il initsinfancy, the fidd of rediation effects on MEMS is becoming increasingly
important. It has long been known that eectricd systems are susceptible to radiation and
recent research has raised the posshility that mechanicd devices may dso be prone to
radiation-induced damage. Especidly sengtive to radiation will be devices that have mechanica
motion governed by dectric fidds across insulators, such as dectrodaticaly postioned
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cantilever beams. Since insulators can fail under single event diglectric rupture, there is a digtinct
possibility that these devices will have decreased performance in the space environment. A
further complication is the fact that radiation can cause bulk lattice damage and make materids
more susceptible to fracture.

Recent work indicates that dielectric layers will trgp charged particles, creating a
permanent dectric field. This permanent field will change resonant characteristics and dter the
output of many sensors[122,123] This may indicate that radiation-tolerant designs will have to
limit the use of didectrics, which could be a chdlenging design problem. One radiation issue
that has received some notice without generating alot of research is the impact of large atomic
meass particles on MEMS. 1t is known that high Z radiation can lead to fracturing by cresting
massive disorder within the crydtd lattice. Since this radiation source is common in the space
environment, it needs to be investigated before MEMS to launch into space.

On one of the few radiation tests to date, one group of surface micromachined devices
exposed to gamma ray doses in excess of 25 krad had severe performance degradation. While
certainly this reveds no subgtantive information about the overal radiation tolerance of MEMS
as a technology, it raises the possihility that radiaion can cause falure within these devices.
While more studies need to be conducted before any conclusions can be made, it isimportant to
understand that radiation effects in MEMS is a non-trivid issue that has yet to be fully
addressed.[13]

E. Particulates

Particulates are fine particles, that are prevadent in the aamosphere. These particles have
been known to eectricaly short out MEMS and can aso induce stiction. While these particles
are normaly filtered out of the clean room environment, many MEMS are designed to operate
outside the confines of the clean room and without the safety of a hermetically sedled package.
As aresult, devices must be andyzed to ensure that they are particle-tolerant before they can be
used as high-rel devices in environments with high particulate dengties.

Another area in which contaminants cause problems is in adheson. Proper device
processing requires most materias interfaces to be clean in order to have good adhesion. If
dust particles are present, then the two materids will be weakly bonded and are more likely to
have ddlamination problems.

F. Temperature Changes

Temperature changes are a serious concern for MEMS.  Internad stressesin devices are
extremely temperature dependent. The temperature range in which a device will operate within
acceptable parameters is determined by the coefficient of linear expanson. In devices where
the coefficients are poorly matched, there will be alow tolerance for therma variations. Since
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future space missions anticipate temperatures in the range of —100 to 150°C, therma changes
are agrowing concern in MEM S qudification efforts.

Beyond these issues, there are other difficulties caused by temperature fluctuations.
Thermd effects cause problems in metd packaging, as the thermd coefficient of expanson of
metals can be greater than ten times that of Slicon For these packages, specia isolation
techniques have to be developed to prevent the package expansion from fracturing the substrate
of the device.

Another area that has yet to be fully examined is the effect of therma changes upon the
mechanica properties of semiconductors. It has long been known that Young's modulus is a
temperature-dependent value. Whileit is more or lesslocally congtant for aterrestrial operating
range, it may vary sgnificantly for the temperature ranges seen in the aerogpace environment.

G. Electrogtatic Discharge

Electrodtatic discharge, or ESD, occurs when adevice isimproperly handled. A human
body routinely develops an dectric potentid in excess of 1000V. Upon contacting an eectronic
device, this build-up will discharge, which will create a large potentid difference across the
device. The effect is known to have catastrophic effects in circuits and could have smilar effects
in MEMS. While the effects of ESD on MEMS structures have not been published to date, it
can be assumed that certain dectrodtaticaly actuated devices will be susceptible to ESD
damage.

VI.  Stray Stresses

Stray dresses are a falure mechanism that are endemic to thin film sructures. Stray
stresses are defined as stresses in films that are present in the absence of externd forces. In
MEMS small sresses will cause noise in sensor outputs and large dresses will lead to
mechanica deformation.

Therma and resdual stresses are the two sources of stray stressin MEMS. Thermdl
dress is a process-induced factor caused by bimetdlic warping. Thin films are grown at high
temperature and, in the process of cooling to ambient temperature, they contract. While these
effects are degrable for the thermocouples, they can cause problem in common MEMS
devices. Therma strains on the order of 5 10 are commonly observable in MEMS. Residud
Sresses are aresult of the energy configuration of thin films. Caused by the fact that these films
are not in their lowest energy dtate, resdua siress can ether dhrink or expand the subsirate.
While there are high-temperature techniques for annealing out residua stress, these methods are
not aways compatible with MEM S processing.
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In bulk micromachined devices, dray stresses can cause device warping, while the
effects can be much more serious in surface micromachined devices. Since they are made
entirdy of thin films, surface micromachined devices are exceptiondly sengtive to Stray stresses.
Large resdua stresses can cause warping and even the fracturing of the structurd materia. For
this reason, the materids used in surface micromachining are often selected for their ability to be
grown with little Sray stress.

VII. Paradtic Capacitance

Parasitic capacitance is another fallure mechanism in MEMS. Paragitic capacitance
does not cause falure in and of itsdf, but it can be a contributing factor to falure. Paragtic
capacitance is defined as an unwanted capecitive effect in a device. While parastics are
unavoidable in devices, they must be minimized for devices to work properly. Paragtic
capacitance can cause unwanted eectrica and mechanica behavior in devices.

The most common source of paragiticsin MEMS is between a device and the subdtrate.
Most MEMS devices condst of a conducting device suspended over a conducting subgtrate.
These two devices have a capacitance between them that is inversdy proportiona to the
distance separating them. This capacitance will exert a force upon the device, creating non-
planar displacement and a current flow through the subgtrate. While some devices use this effect
for non-planar actuation, often parasitic cgpacitance will impinge device performance by causing
unwanted mechanica stresses and motion. To limit these effects, devices should be sufficiently
removed from the subdtrate that large z-axis motion cannot be detected. While this definition is
farly loosg, it is ultimately up to design and reiability engineers to determine how much parasitic
capacitanceistolerable.

The second mgor source of paragitics comes from within the device. Many new bulk
micromachined devices are designed with a sllicon base, a reactively grown oxide layer, and a
metallization top layer, as shown in Figure 3-14.
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Figure 3-13: Diagram of parasitic capacitance between silicon base and metallization
layer on abulk micromachined beam.

These paraditic capacitances will have varying effects based upon device design. On
some devices ther effects may be negligible, while on others they can cause severe problems
with device output. To limit the influence of parasitic capacitances, many engineers dter their
desgnsto dectricdly isolate much of their sructure. Thisis done by limiting the amount of metal
coated structures and by using thin wiresto supply voltages to many structures.

VIIl. Dampening Effects

Many MEMS devices are operated in resonant modes, which has some interesting
performance implications.  All mechanicd systems will have specific frequencies a which
amplitude, velocity, and acceeration are maximized. They dso have an undamped naturd
frequency, w,, which is the oscillating frequency of an unforced system. While in many anayses,
this frequency is cdled the resonant frequency, resonance actudly differs from the undamped
natura frequency by the relationships below:

Displacement resonant frequency,w, =w._4/{1- 2z 2 (3-21a)
Ve ocity resonant frequency,w, =w,, (3-21b)
Accdleration resonant frequency,w, =

Wn
W (3-21c)

Damped natura frequency,w, =w, 4/{1- z 2 (3-21d)
where z is the fraction of critical dampening, which is defined as the system dampening,

or dampening coefficient, divided by the criticd dampening coefficient, c.. The criticd
dampening coefficient describes the minimum amount of dampening required for aforced system
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to return to equilibrium without oscillation, and, for a given system mass, m, and giffness, k, the
mathematica expresson for the critical dampening coefficient is given as[54]

C. = 2+/km

Thus, the resonant frequency is influenced by the syssem dampening and, if system
degradation leads to increased dampening, there will be decreases in resonant frequency.

(3-22)

The typica reason to operate a device at resonance sems from the fact that there is an
amplification of system output from the natura response of a Sructure. The magnitude of this
amplification is quantified by the qudity factor, Q, which is defined as

oy NV
Q=2p oW (3-23)

where W is the energy stored in a syssem and DW is the energy disspated per cycle. The
quality factor also describes the sharpness of the resonance peak. One common method to
measure Q is to determine the frequency range for asystem a which Vo = Vina/CR, as shown in
Figure 3-14. For z<< .1, the quality factor can be approximated as.
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Figure 3-14: Definition of resonanceand Q.
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As aresult, operating a device at resonance, allows greater displacements, which leads
to an increase in sengtivity in many sysems. However, large structurd dampening can cause
changes in resonance that will ater output, which can be along term reliability concern.

Figure 3-15 (a,b): The difference in amplitude between a linear resonator operating in resonance, right,
and operating at a non-resonant frequency, left. Ascan be seen, the device on the right has a much larger
displacement, d, than the device on the l&ft.

MEMS damping is usualy caused by the presence of gaseous molecules. There are
multiple kinds of damping caused by the atmosphere and the type of damping depends largely
upon device geometry. For closdly packed pardld surfaces, squeeze film dampening will be
predominant. For arectangular plate of width, 2W, and length, 2L, the squeeze film fraction of
critical dampening is, for small displacements:[135,136]

, - 8nf (W /LweL
T nemk (3-25)

where:
f(WI/L) = afunction of agpect ratio
m = mass of the moving surface
hy = distance between the two surfaces at rest
m= absolute viscosity of air (1.8° 10° Ns/n? at 1 ATM)

! The derivation of this equation assumes that wh® (fluid density)/m<<1.0.
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For a device moving in plane, with an area A, and a separation from the subgtrate, h,
there will be astructurd dampening factor due to Couette flow of:[24]

nA (3-26)
2h/mk

Since the dampening is proportiona to the viscodty of ar, which is a function of
pressure, some MEMS utilize vacuum packaging to increase performance. The degree to which
a package holds a sed will determine the operating characteristics of these MEMS. Thus
changes that lead to increased dampening of a sysem will dter output by shifting resonant
frequency and lowering the qudity factor.

Z =
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Chapter 4. Material Properties
B. Stark

MEMS are condructed out of a multitude of materids, each of which has unique
reigbility implications. Different materias have different responses to failure mechanisms that
need to be understood to better device reliability. To help clarify the purposes of the myriad of
MEMS materids, this chapter offers a brief overview of the materids used in MEMS and
provides aligting of their properties.

One of the great debates within the MEMS community has focused upon whether to
use the thin film or the bulk properties of maerids in peforming gructurd andyss. The
problem with tresting many of these materids as bulk materiasis that, when samples become as
amdl asthey do in MEMS, crystd defects are no longer smdl in comparison to the size of the
sructure being analyzed. While most testing is performed on macroscopic samples, these
properties probably do not scale well enough to be used for MEMS, but are often employed
anyway for lack of better numbers. For ultimate religbility statistics to be determined, the actua
properties of a given materid made on a given process line will have to be characterized.
Lacking this, approximations can be made with the avallable data. This chapter offers the
common bulk materids properties that are generdly accepted. For thin films the gpplicability of
these propertiesis still somewnhat in doulbt.

l. Single Crystal Silicon

Silicon is the most common materid used in semiconductor devices. In crysdline form,
dlicondignsin adiamond structure, which conssts of a face-centered cubic lattice with a basis
of two atoms, as shown in Figure 4-1. The atomic Structure of Slicon determines many of its
physica properties, which arelisted in Table 4-1.
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Property Value

Crysta structure Diamond
L attice constant 543 A
Atoms/cn?® 50" 10%
Density 2.32 glent
Mélting point 1412 °C
Specific Heat 7 Jg-°C
Y oung's modulus <100> 130 GPa
Stiffness Congants:
Eu 165.6 GPa
Ew 63.98 GPa
Eu 79.51 GPa
Poisson’ s ration <100> orientation 0.28
Tendle srength 3790 MPa
Fracture toughness .9 MPam®.5
Therma conductivity 1.5W/cm-°C
Coefficient of therma expangon 42x10°°C?
Heat Capacity 20.07 (Jmol-K)
Breaskdown Fidd ~3x 10° V/cm
Piezoresdtive coefficients
ntype pu 6.6° 10 Pa*
P12 -1.1" 10" Pa’
Pas 138" 10-'* Pa*
p-type pu -102" 10 Pa’*
P 53.4 10% Pat
Pas -13.6" 10 Pa*
DC didlectric constant 11.7
High frequency dielectric constant 11.7
Residivity 2.3x 10° W-cm
Energy Gap 1.12 eV
Electron mobility 1500 cn?/V-s
Hole mobility 450 cn/V-s
Index of Refraction 3.42

Table4-1: Room-temperature propertiesof singlecrystal silicon.[6,17]




As its aomic amilarities to diamond might imply, Sngle crystd slicon is a very hard
substance. It exceeds the mechanical strength of sted, but is decidedly more brittle. 1ts strength
makes glicon ided for many MEMS dructures, as it has the highest fracture strength of any
materiad commonly used in MEMS. Due to well controlled processes that yield high purity
crysdline structures, slicon has the dedrable qudity that its mechanical properties are very
reproducible[6] For these reasons, slicon is often used for high-quality microstructures.

Figure4-1: Crystal structureof silicon. (from [96])

The science of dlicon growth has developed extensvely over the past few years.
Silicon wafers are now produced with disocation densities on the order of .1 disocationg/cnt,
which helps to explain the high fracture strength of the materid. These wafers dso have
impurity densities less than .03 particles/ont.

In a diamond cubic latice, like that of slicon, fracture will normaly occur adong the
{111} planes. Thisis due to the fact that these planes have the lowest surface energy to resst
crack propagation. Although fracture dong the other crysta planes is certainly possible, it
generdly will not occur without the aid of adidocation to lower its strength.[47]

As technology progresses, the fact that silicon does not have the superior dectricd and
optical properties of other materias has been a minor drawback. Silicon has a lower dectron
mobility than some other common semiconductor materials, which impedes high frequency
operation. While thisis a concern for digitd desgners, it is of little import to MEMS designers,
as there are relatively few agpplications that need mechanica structures to run at the frequency
limits of slicon. On the other hand, the eectrica properties of slicon have the advantage that

51



they are sengitive to Stress, temperature, magnetic fields, and radiation, which is a characteristic
that has been taken advantage of in anumber of solid-state sensors.

3 S conduction 3 GaAs conduction
— band B band
2 2|
J
> 1| 1
% E,
b Ey
L
0 | 0
-1 -1
vaence band vaence band
B EEEN 0 [100] Ty 0 [100]
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Figure4-2: Energy band structuresof S and GaAs.

Anissue of greet importance in sliconisits energy band structure. In the firgt haf of the
twentieth century, scientists researching quantum mechanics discovered that ectrons in solids
can only have discrete energy levels. These energies are separated into distinct bands. At the
lowest potentid, al dectrons in a solid occupy the vaence band, which corresponds to the
vaence orbits in the aloms. After some energy, often in the form of light or heat, has been
added to the solid, dectrons will trangtion into the conduction band. The distance between
these two energy levels, cdled the bandgap, determines the fundamenta eectrica properties of
amaerid. Ininsulators, such as glass and rubber, the bandgap will be on the order of severd
eectron-volts. Conversdly, in good conductors, such as most metals, the bandgap will be less
than an eectron-volt. Semiconductors occupy the region in between these two areas, with a
medium sized bandgap. As such, intringic silicon has a moderate resigtivity of 2 10° W-cm.

While the bandgap determines the dectricd properties of a device, it dso affects the
optical properties. The energy level of the vaence and conduction bands varies within a
semiconductor materid.  The bandgep is cdculated by subtracting the minimum of the
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conduction band from the maximum of the vaence band. In some materids, such as GaAs,
these two points line up. Materids in which this occurs are cdled direct bandgap
semiconductors and have the property that eectrons only need to change energy levelsto switch
band levels, which causes a photon to be emitted when an dectron drops from the conduction
to the vaence band. Materids, like slicon, where this does not occur, are called indirect
bandgap semiconductors.  Electrons in indirect bandgap semiconductors need to change both
momentum and energy to switch band levels, as shown in Figure 4-2.

Thus, intringc slicon, as an indirect band-gap materia, cannot be used in the production
of semiconductor lasers and light emitting diodes.  This limitation in slicon has led to research
into whole new classes of semiconductor materids that are cgpable of emitting light.

. Polycrystalline Silicon

In gpplications involving surface micromachining, thin films of slicon are needed as a
dructurd materid. Since it is difficult to grow thin films of single crystd glicon, thin films of
polycrystdline dlicon are grown ingead.[6] These materids are now finding extensve usein the

RESIDUAL STRESS (MFa)
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Figure4-3: Residual stressasa function of deposition conditions. (from [104])
MEMS indugtry.

The mechanica properties of polysilicon films depends greatly upon the process used in
depogition. The residud stress can be controlled dmost entirely by varying deposition pressure
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and temperature, as shown in Figure 4-3. It has adso been discovered that there is a direct link
between the presence of <110> oriented grains and residua stressin films, athough the reasons
for thisare not entirely clear.[45]

The drength of polycrystdline sliconisless well understood. Different researchers have
reported a Y oung's modulus ranging between 140 to 210 GPa,[130] with these values having a
dependence on crysta structure and orientation.  Recent research has shown that the Young's
modulus of polycrygdline films is highly dependent upon depostion conditions. The films
exhibit preferentid grain orientations that vary with temperature. Since an ided film does not
exhibit orientation dependence for its mechanica properties, researchers have found that
depositing films at 590 °C, which is the trangition point between polycrystaline and amorphous
slicon, is an effective method of producing an isotropic film of polyslicon. At this temperature,
the amorphous slicon will recrystdize during anneding, which produces films with a nearly
uniform Y oung's modulus of 165 GPa

In polycrystdline materids, the fracture strength is dependent upon two factors, the
gran sze, d, and the fracture surface energy, @. This sems from the fact that the sze of a
didocation is usudly governed by the grain size, which, by Griffith’'s equation, shows that the
fracture strength of this materid is[103,119]

4E
S = i (4_1)
\} pd

As shown by the equation, the fracture strength is also dependent upon the fracture
surface energy, g. For smadl grained polycrystds, the energy needed to fracture a grain surface
increases with grain Sze[44] As aresult, larger grains will be stronger due to the increased
energy needed to propagate a crack across the material.

In severd dudies, the mean fracture strength of polyslicon has been found to be
between 2 to 3 GPa, which is dearly less than that of single crystd slicon Polyslicon fracture
samples have been reported to have a Weibull modulus smilar to that of sngle crysd Slicon,
which would indicate asmilar rdiability of the two materias[40,44,103]



1. Silicon Dioxide

Silicon dioxide is commonly used as an insulator in integrated circuits.  In MEMS it is
used to dectricdly isolate components and has been used in some recent applications as a
sructurd materid.[7] Its basic properties are listed for reference in Table 4-2.

Property Value

Density 2.65 glen?

Mdting point 1728 °C

Y oung's modulus 66 GPa

Tengle srength 69 MPa

Thermal conductivity 1.4 x10% W/°C-cm
Thermd coefficient of expanson 7x10°°C*
Didectric constant 3.78

Residivity 10" W-em

Energy gap 8eVv

Index of refraction 1.46

Table4-2: Room temperature properties of silicon dioxide.[85]

In the crystdline form of Quartz, slicon dioxide exigs in the trigona trapezohedra class
of the rhombohedrad system. This class has one axis of three fold symmetry and three polar axes
of two-fold symmetry. Quartz, due to its high piezodectric coupling, is occasondly used in
MEMS. However, as a result of its high anisotropy, quartz is more difficult to etch than
slicon.[124,125]

Silicon dioxide is a common component of glasses and is, as such, a very weak and
brittle materid. Thin films of oxide have a compressive interna stress on the order of 1 GPa.
Despite this, due to the fact that sllicon dioxide isless diff than other thin film materids and thet it
has unique eectrica properties, it is occasondly used as a mechanica materid in high sengtivity
gpplications. Slicon dioxide, with its low therma conductivity, is a naturd thermd insulator, a
property which has been exploited for the production of integrated therma detectors. With a
low tensle strength, silicon dioxide is susceptible to mechanicd fracturing.

One mgor feature of slicon dioxide is its properties as an insulator. With a bandgap of
8 eV, dlicon dioxide can effectively separate different layers of conductors with little dectrica
interference.  Due to the inherent advantages in being able to integrate such an effective
insulator, slicon dioxide has helped to make dlicon the semiconductor materid of choice for
most gpplications.
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V. Slicon Carbide

In recent years there has been a growing interest in the use of slicon carbide as a
materid for MEMS. SIC has many properties that make it well suited for MEMS gpplications,
athough the SC wafer growth technology has not matured enough to make it a common
MEMS materid. Polycrystdline slicon carbide exigts in about 180 different polytypes, with the
four dominant structures listed in Table 4-3.

M odification Polytype

a-SC 6H

(High-temperature modification) 15R
4H

b-SC

(Low-temperature modificetion) 3C

Table4-3: Dominant SIC types.[112]

Due to the fact that SC exigts in its beta form a temperatures below 2000 °C, this is
cdled its low-temperature modification. Above this temperature, only hexagond and
rhombohedrd polytypes are sable.

The properties of SIC are highly dependent upon the processing conditions and can vary
quite dramaticaly. These properties are listed for afew different SC preparation techniques.

SC Density Young's Thermal Thermal Flexural
content ' (g/cm®) modulus  expansion  conductivity = strength

(GPa) coefficient (W /m-K) (MPa)

(106 OC—l)
Ceramic up to| 255 100 5.8 16 30
bonded 95%
Recryddlized | 100% | 2.55 240 5.0 28 100
Sintered 95% 2.55 410 4.9 50 450
Hot-pressed 98% 2.55 450 4.5 55 650

Table4-4: Room temperature propertiesof SIC.[112]

While not dl of these methods are compatible with wafer growth, it should be apparent
that the properties of SC can vary sgnificantly depending upon processing.

Silicon carbide is used for its extreme hardness and high temperature resisance. SC
does not have a defined meting point, instead it has a breakdown point of 2830 °C. At this
temperature, SIC decomposes into graphite and a silicon rich-melt. Many SIC structures are less
eadtic than dlicon, which is useful in certain MEM S gpplications. SC aso has a Poisson' s ratio
that varies between .183 and .192. The main drawback to SIC in MEMS has been that the
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technology used to grow SC wafers dill results in high didocation dengties. This lowers the
drength of SC, which prohibits its use in many gpplications. For dlicon carbide to find
widespread use, the techniques used to manufacture it must continue to mature[112,113]

Silicon carbide, with a band-ggp around 3eV, is a wide-bandgap semiconductor
materid. While the exact width of the bandgap depends on the polytype, SC is a better naturd
insulator that Si or GaAs. Intrinsic SIC has a resistivity of 10° W-cm, athough doping can vary
this value from .1 to 10" W-cm. Silicon carbide also oxidizes readily above 600 °C to form
slicon dioxide by the reaction:[112]

SC+20,® 90, +CO, (4-2)

V. Silicon Nitride

Slicon nitride is a materid that is employed in a variety of goplications. Since it does
not react well with many etching solutions, slicon nitride is often used to prevent impurity
diffuson and ionic contamination. Its basic properties are listed in Table 4-5.

Property Value!
Density 3.1 glem®
Mdlting point 1900°C

Y oung' s Modulus 73 GPa
Fracture strength 460 MPa
Coefficient of therma expansion 3 10°°C?
Therma conductivity 0.28W /cm-°C
Resigtivity 10"W-cm
Didectric constant 9.4
Breakdown fidd 1" 10" V/cm
Index of refraction 2.1

Band gap 3.9-41eV

Table4-5: Room temperature propertiesof silicon nitride.[18]

The dlicon nitride films used in most MEMS devices are amorphous and are usudly
elther sputtered or deposited by CVD. These films are made with the following reaction, which
occurs between 300-500 mT and 700-900°C.

! Varies with processing conditions.
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39H,Cl,(g) +4NH,(g) % %® S,N,(s)+6HCI(g) + 6H,(Qg) 43

Stoichometric nitride films have tensile stresses on the order of 1-2 GPa, which causes
large warping. To maintain the structura integrity of the films, they are usudly only grown afew
hundred nanometers thick. To avoid this limitation, slicon-rich nitride films are often used. A
common film of S oN;.; has been developed that has a Y oung’'s modulus on the order of 260-
330 GPa, a Poisson’sratio of 0.25, and a fracture strain on the order of 3%.[45]

The gress of slicon nitride films can be controlled smply by adjusting the deposition
temperature and the ratio of dichlorislane to anmonia. As shown in Figure 4-4, nearly zero
dress films are grown with aratio of 4:1 a atemperature of 835 °C.
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Figure4-4: Residual stressin silicon nitride filmsasa function of processing conditions. (from
[105])

Silicon nitride has many mechanica properties that make it a desirable materia to work
with. It isabetter therma insulator than polysilicon, which can be important for isolating surface
micromachined sructures. Also, its high mechanica strength makes it an ided film for friction
and dust barriers.

One of the unfortunate properties of slicon nitride isthat it is not as good an insulator as
dlicon dioxide. With a bandgap 40% smdler than SO's, the eectricd isolation provided by
slicon nitride is sgnificantly less than that of dlicon dioxide. Furthermore, StN,4 forms a low
energy barrier towards slicon and metds, which fadilitates the injection of holes into the
dielectric at eectric filds greater than 2 10° VV/em. This results in a hysteresis appearing in the
capacitance-voltage curve of metd-insulator-semiconductor structures after the voltage has
been swept to large vaues. Due to these concerns, some designers like to form most of an
insulator with SO, and then sedl its surface with SsN4.[18]
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VI. Gallium Arsenide

Figure4-5: Crystallinegallium arsenide. (from[17])

Gdlium arsenide is the second most common semiconductor materid. It has some
unique properties that make it ided for use in applications that slicon is ill-suited for. Initidly
finding a niche in the Monalithic Microwave Integrated Circuit market, galium arsenide, due to
its optica properties, has recently been used in the production of opticdl MEMS, or OMEMS.

Gdlium arsenide forms a face centered cubic lattice with a bass of one gdlium and one
arsenic aom in what is called a zincblende Structure, as shown in Figure 4-5. The basic materid
properties of gdlium arsenide are listed in Table 4-6.
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Property Value

Crysta structure Zinchlende
L attice constant 5.65 A
Atoms/cn?® 4.42 x 10%
Density 5.32 g/ent
Mélting point 1237 °C
Specific heat 35Jg-°C
Y oung's modulus <100> orientation 85.5 GPa
Stiffness congants:

Eu 118.8 GPa

Ew 53.8 GPa

= 58.9 GPa
Poisson’sratio <100> orientation 0.31
Fracture toughness 44 MPam™.5
Thermd conductivity 46 W/cm-°C
Coefficient of thermal expansion 6.86 x 10°°C™
Heat capacity 47.02 Jmol-K
Breskdown Field ~4 x 10° V/em
DC didlectric constant 13.18
High frequency dielectric constant 10.89
Residivity 10® W-cm
Energy Gap 1.424 eV
Electron mobility 8500 cré/V-s
Hole mobility 400 cnf/V-s
Index of Refraction 3.66

Table4-6: Room temperature propertiesof gallium arsenide.[6,17]




AlGaAs has as0 become an integrd part of GaAs processing. New technologies have
darted to use this ternary compound in GaAs based MEMS systems. AlGaAs is an attractive
compound because it exhibits many properties that complement GaAs.

Crystd structure Zincblende
L attice congtant 5.66 A
Atomg/en? 4.42 x 107
Density 3.76 g/ent
Mdting point 1467 °C
Specific heat A48 Jg-°C
Stiffness congants:
En 120.2 GPa
En 57.0 GPa
Ex 58.9 GPa
Fracture toughness 1.7 MPam®
Hardness 5 GPa
Therma expansion coefficient 5.2¢10°°C™
Therma conductivity 9 W/cm-°C
DC didectric congtant 10.06
High frequency didectric constant 8.16
Energy Gap 2.168 eV (indirect)

Table4-7: Room temperaturepropertiesof AIAs[17]

Gdlium asenide is not used in the semiconductor indudry for its mechanicd
characterigics While sharing many of the same mechanicd properties of dlicon,[6] it is
sgnificantly wesker, with its Young's modulus only 54% that of slicon. It, like slicon, is dso
very brittle and thus offers no advantages in terms of mechanica performance.

GaAs contains more crystal defects than high qudity dlicon and, of these, arsenic
precipitates are of paramount importance in determining fracture strength. For a normd
digtribution of arsenic precipitates in a large sample, such as a wafer, there will dways be a
least one defect large enough to cause smdl load fracturing. However, for smdl samples of
materids, it is quite common to have limited defect size, which dlow the manufacture of high
stress structures out of macroscopicaly low stress materids[17]

Due to the fact that GaAs is not an dementa Structure, it exhibits some mechanica
properties that would not be expected from other materials. 1n GaAs, the eectron cloud tends
to shift towards the arsenide atoms, which creates a dipole moment aong the [111] axis. This
causes the eight {111} surfaces to have differing concentrations of Ga and As aloms. As a
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result, the {111} planes are much tougher than expected. This toughening causes the {110}
planesto be the primary fracture points[17]

Gdlium arsenide dso has a thermd conductivity thet is less than one-third that of slicon
and one-tenth that of copper, which makes it a poor conductor. The consequence of this poor
conductivity is that the packing densty of GaAs devices is limited by the thermd resistance of
the substrate.  Another therma concern is the fact that brittle materids becomes ductile a
around 35% of the mdlting point. Corresponding to 250 °C in GaAs, this marked drop in
hardness and increase in fatigue could present serious problems for high temperature device
operation.

Gdlium arsenide finds mogt of its gpplications due to its superior optical and eectrica
properties. Asshown in Tables 4-1 and 4-6, GaAs has close to sx times the eectron mobility
of dlicon Electron mobility, which describes how strongly an eectron is influenced by an
eectric fidd, is derived from the laws of basic physics and isrelated to Equation 4-4-

_ o,

Vy =-

0
¢ il (4-4)
where:

Vg = drift velocity

g =dectroncharge

t. = mean freetimes between collisons

m* = effective eectron mass

E =dectricfidd

In Equation 4-4, the bracketed proportiondity constant is caled the eectron mobility.
Asthe equation clearly indicates, ectron mobility is directly proportionate to the mean free time
between callisons, t.. This number isin turn a function of the laitice and impurity scattering of
electrons. The lattice scattering is a result of thermd vibration and increases with temperature
until it becomes the dominant factor, as impurity scaitering is a congtant function of doping
levels. Thus, the dectron mobility is a function of temperature, which changes based on the
intengty of device operation. Asaresult of this, the éectron mobility of GaAsis not ways Six
timesthat of slicon, asit may often only be double that of dlicon.[1]

With the eectron mobility determining maximum operating frequency and with GaAs
aways having a greater dectron mobility than slicon, GaAs can operate at higher frequencies
than dlicon, which has made it an ided maerid for many communications applications.
However, for MEMS, these factors are limited in their import. While some high frequency
GaAs systems are attempting to integrate MEMS components, most GaAs MEMSS devices will
operate at sgnificantly lower frequencies due to the mechanicd limitations of the systems.
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Gdlium arsenide dso has alarger energy band gap than that of slicon, which means that
it is a better naturd insulator.  Through the introduction of ether oxygen or chromium to the
GaAs mdlt, it can further be turned into a semi-insulating material. This provides a subgrate that
isolates components and performs many of the same tasks, abeit not as effectively, as slicon
dioxide.

The other sgnificant advantage that GaAs has over dlicon is that it is, as discussed
previoudy, a direct band ggp semiconductor materid. This has enabled whole classes of
optomechanica devices to be developed. It is this property that alows semiconductor lasers
and LEDs to be made out of GaAs and it will undoubtedly be exploited more in the future.

While gdlium arsenide does have sgnificant advantages over silicon there are a'so some
mgor drawbacks. There are no stable insulating oxides and nitrides in GaAs technology. This
means that it is difficult to manufacture reproducible passivation layers.

VIl. Metals

Metds are used in MEMS as dectrica conductors and occasondly as structurd
materid. The metds used in MEMS are, unlike the materiads discussed previoudy, ductile.
That means tha they will plastically deform if dressed past the yied drength  Pladtic
deformation results in a non-zero strain with zero applied stress, which gppears as a shift in the
dress strain curve, as shown in Figure 4-6.

Bupture
o

Yield

Figure4-6: Stressversusstraincurvefor aductilematerial. Thereisaclearly marked yield point, after
which plastic deformation occurs. If the material isstressed past this point and then unstressed, the curve
will decrease parallel to the elastic defor mation section, asillustrated by the dotted line.
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A. Aluminum

Aluminum is commonly used in MEMS as a sputtered film placed over a processed
dructure. By covering a structure with a conductive film, equipotential surfaces are created on a
device, which are criticd to the operation of many dectrogatic device. Aluminum is o
commonly used as an eectrica conductor in semiconductor technologies.

Aluminum, like most metds, is often dloyed with other substances to improve its
sructurd properties. The dloys of duminum are numerous and are offered in great detall in
Reference [111]. Pure duminum has many properties that diginguish it from other materids
used in MEMS. Liged in Table 4-8, the properties of duminum have been both aboon and an
area of concern for researchers over the past decades.

Property Value

Density 2.71 g/nt’
Mdting Point 659°C
Specific Heat 0.90 Jg-°C

Y oung's modulus (bulk value) 70 GPa
Poisson’sratio .35

Ultimate tendle strength 110 MPa
Ultimate shear strength 70 MPa

Yidd tendle srength 100 MPa
Yield shear strength 55 MPa
Thermd conductivity 2.37 W/cm-°C
Coefficient of thermal expansion 23.6" 10°°C*
Resigtivity 2.82 10° W-cm

Table4-8: Room temperature propertiesof 99.6% purealuminum.[46,101,111]

The mechanica properties of auminum are consgderably poorer than S and GaAs.
With a'Young's modulus that is less than haf that of Slicon, it is cearly a more ductile materid.
However, since the yield strength of duminum, at 100 MPa, is a least an order of magnitude
below the fracture strength of S and GaAs, duminum is rarely used as a structurd support in
MEMS.

For a congderable amount of time, duminum was the only good conductor that could
easly be integrated into ICs. Since duminum forms AlL,Oz; bonds with SO,, it is Smple to
adhere it to passvetion layers. Thisfact lead to its widespread implementation, despite the fact
that materias existed with better eectrical properties.



B. Gold

Gaold is a subgtance tha is finding increesing use in the MEMS fidd.  While not as
common as duminum, it has many of the same features with some added advantages. Its
properties are listed below for reference.

Property Value

Dengty 19.3 g/nt’
Mdting Point 1063°C

Specific Hesat 0.13 Jg-°C

Y oung's modulus (bulk value) 75 GPa

Poisson’ s ratio 42

Ultimate tendle srength 125 MPa
Thermd conductivity 3.15 W/cm-°C
Coefficient of thermal expansion 14.2° 10°°C?
Resigivity 2.44 10° W-cm

Table4-9: Propertiesof gold[46,102,111]

Gold is not a materid known for its strong mechanicd properties. It is a soft, ductile
materid that is eadly deformed. Asaresult, it is not used as structurd materid. Indteed, it will
amost dways be layered on top of a more rigid materid or be used in applications that do not
require mechanica motion. Gold does have problems adhering to SO,, but there are some
established methods to circumvent them. One method employed is to use an intermediary layer
of chromium as an adhesve, since it forms Cr,O3; with SO, and aso strongly bonds to gold.

The main impetus for the use of gold in MEM S gpplications has been the fact that it isa
better eectrical conductor than duminum. In gpplications where high conductivity is of
paramount importance, gold is often the materid of choice. One of the atractive properties of
gold is that it is a fairly inert materid. This means that its surface does not readily oxidize in
amosphere, which hdps to maintain its conductivity in amaospheric goplications.

C. Copper

With the recent integration of copper into ICs, it will only be a matter of time before
copper becomes integrated into MEMS.  Since many designers hope to eventudly place
MEMS in system-on-a-chip devices, it is of paramount importance that low power systems,
that must therefore employ copper, can be developed. Copper has some unique properties that
make it worth the effort to integrate, as shown on the following page.
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Property Value

Density 8.89 g/nt’
Mdting Point 1083°C
Specific Heat 0.39 Jg-°C

Y oung’s modulus (bulk value) 115 GPa
Poisson’sratio 0.36

Ultimate tendle strength 220 MPa
Ultimate shear srength 150 MPa
Yield tendle srength 100 MPa
Therma conductivity 3.98 W/cm-°C
Coefficient of thermal expansion 16.6" 10°°C*
Resigtivity 1.72 10° W-cm

Table4-10: Propertiesof 99.99% copper.[46,101,111]

Copper isactudly adightly stronger materid than pure duminum. However, it is unlikey
to be usad as anything but a conductor in the near future due to the fact that it does not adhere
especidly well to slicon, which makes it likely to delaminate. The ability of copper to find a
niche in the MEMS community will largely hinge upon the srength of the adhesive bonds thet
can be formed. Copper is an excdlent thermd conductor, which will prove useful in many
applications.

The main reason that large investments have been made into the development of copper
inICsand MEMS isthat it has a higher conductivity than duminum and gold. This meansthat it
will dissipate lower amounts of heat and waste less power. Thus, there is a great incentive to
integrate copper into the MEMS indudtry in generd and in the space MEMS industry in

particular.

VIIIl. Polyimides

Polyimides are a class of organic films that have proven promisng as a possble
replacement for SO, as an insulaor in microgectronics. There are a number of different
commercidly available polyimide films used in the semiconductor industry and their properties
vay sgnificantly. The main reason for the investigation of polyimide films is that they offer a
new generation of low permittivity dielectrics, some of which have been reported to have a
permittivity of less than 28,. Since lower didectric congtant insulators disspate less power in
FETSs, these materids may begin to find ther way into the MEMS community. The materids
properties of a PMDA/BPDA/TFMOB polyimide film have been fairly well investigeted and are
offered below.
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Property Value'

Y oung's Modulus (in plane) 7.5 GPa

Y oung's Modulus (out of plane) 8.0-15.0 GPa
Shear Modulus 1.0-10.0 GPa
Poisson's Retiofin plane) 0.35
Poisson's Ratio (out of plane) 0.1-0.45
Didectric coefficient 2-4
Coefficient of therma expansion 6.0 10°C*

Table4-11: Propertiesof PMDA/BPDA/TFMOB polyimide.

Polyimides are a weak dlass of materids. Their main function in MEMS has been in
circuits and as a layer of chemicaly active sensor materids on membranes and cantilevers. As
such, polyimides are generdly not considered for structurd gpplications.

The main impetus for developing polyimides was that they could have alower didectric
condant than SO,, which could represent a mgor reduction in power consumption on
integrated circuits. Thus, much like copper, polyimides are likdy to find introduction into the
MEMS market through their inclusion in the consumer eectronics market. As good insulators,
polyimide films have amyriad of possible uses in the semiconductor industry.

IX.  Additional Reading

Michdle M. Gauthier, Engineering Materids Handbook ASM desk edition. Materids Park,
OH, November 1995.

K. Hjort, J. Soderkvist and J. -A. Schweitz, “Gallium Arsenide as a Mechanica Materid”
Journal of Micromechanics and Microengineering, Vol. 4, No. 1, 1994.

D. Bloor, R. J. Brook, M. C. Flemings and S. Mahgjan, eds. The Encyclopedia of Advanced
Maerids, Elsevier Science, Ltd., New York, 1994.

! These values will vary by manufacturer.
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Chapter 5: MEM S Device Processing
B. Stark and W. C. Tang

The growth of MEMS has largely been due to innovations in processing technologies.
Adaptations in the processes used to manufecture integrated circuits have led to the
development of MEMS and will continue to define the dimensond limitations in devices. It is
ultimately these technologies that determine the specifications and reliability characteristics of any
given device. As such, they are criticdly important to understanding MEMS. This chapter
offers a brief overview of the most common processng techniques used today. It then
describes the integration of these techniques into micromachining.

In the fabrication of common MEMS devices, there are two basic techniques employed.
Devices can be congructed by patterning the bulk materid of a wafer into a desired structure
or, dterndively, by paterning thin films of materid deposted on the surface of awafer. These
two processes, respectively cdled bulk and surface micromachining, are the basis for any
MEM S fébrication technology.

l. Microfabrication Processing Steps

There is a variety of processing techniques that are often used in dl MEMS
processes[6] The degree to which they are successfully implemented in any given technology
determines the viahility of the technology. They are listed below to give a basic description of
MEMS processing.

A. Thin Film Growth and Deposition

Thin films are an essentid building block of semiconductor devices.  Surface
micromachined devices are congructed entirely out of successve layers of thin films and bulk
micromachined devices that employ thin films of slicon dioxide for ectricd isolation. There are
severa common methods for placing thin films on MEM S that are discussed in this section.

i) Spin Cagting

In this process, a maerid is in a solution with a voldile liquid solvent. The solution is
poured onto a wafer, which is rotated at high speed. As the liquid spreads over the surface of
the wafer, the solvent evaporates, leaving behind a thin film of the solid materid, which can be
anywhere from .1 to 50 nm thick. Spin cagting is useful for depositing organic materids, such as
photoresist, as well as inorganic glasses. Spin cagting blurs the underlying topography of a
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dructure, yidding a smooth surface. Spun cast materias are susceptible to severe shrinkage
whenever the film coaesces, ether from solvent removal or post-bake. This means that spin
catt films have an inherently high resdud dress. Spin cast films are aso less dense and more
susceptible to chemicd attack than materia's deposited by other means,[6]

i) Evaporation

Another way to place amateria in athin film on awafer is to evgporate them from a hot
source. The evaporation system uses a vacuum chamber, which is pumped down from 10° to
107 Torr. A crucible is then heated to flash-evaporate material onto asample. This processis
controlled by a shutter, which limits the amount of time in which the wafer is exposed to the
crucible. The thickness of the film is governed by the length of time that the shutter is open and
is aso afunction of the vapor pressure of the materid. Thus materids with a high meting point,
such as tungsten, require high temperatures to evaporate, which can burn organic films that are
on the wafer. Since evaporated films originate from a point source and the vaporized materids
travel in a graight path, they suffer from shadowing effects that yield non-uniform thickness and
poor step coverage[6] A second factor affecting the coverage is the surface mobility of the
oecies on the subdtrate. As a generd rule, evgporated films are highly disordered, which
causes alarge resdua stress and limits the thickness of the films.
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Figure5-1: A typical evaporation system. (after [46])
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i) Sputtering

Sputtering is a thin film growth technique that diminates many of the problems inherent
to flash-evaporation. Sputtering works by inserting a wafer into a vacuum chamber that is
subsequently pumped down to between 10° and 10°® Torr. Then an inert gas of afew mTorr of
pressure is introduced into the system, which is then ignited into aplasma. The highly energetic
ions of the plasma strike atarget of sample materid and tear atoms off its surface. These atoms
then form a thin film across the wafer.  This process creetes a continuous planar flux of the
species landing on the wafer, which makes preferable for mass production.[6] Another
desirable aspect of sputtering isthat the high energy plasma does not have the same temperature
problems inherent to evaporation. Most dements and many inorganic and organic compounds
can be sputtered. Refractory materids that are difficult to evaporate can be easly sputtered as
well. Sputtering can aso be done with more than one target, which alows control of the atcomic
compostion of thin film dloys. Sputtered films have better step coverage and uniformity then
evaporated films, but they are disorganized structures whose mechanica properties and resdua
Sresses are sendtive to sputtering conditions. Problems also arise from the inert gas used in the
Spouttering process, which can become trapped in the film and cause inconsgtencies in the
mechanica properties of the films[46]

“nm

Figure5-2: Basic sputtering system. (from [46])
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iv) Reactive Growth

Reective growth differs from the previoudy mentioned methods in that it utilizes chemica
reactions with the subgtrate to condruct thin films on wafers. The most common example of this
process is with the growth of oxide films on slicon wafers. In this process, a wafer is placed
into a furnace with oxygen gas (dry oxidation) or seam (wet oxidation). The slicon is gradudly
oxidized a a highly predictable rate that depends upon temperature and crystaline orientation.

concentration
gradient

02 SO, \Si Wafer

reaction of O, and S a
S0./S interface

Figure5-3: Reactive growth process.

Reectivdly grown films are usudly of excdlent qudity but suffer from large resdud
stresses due to volume changes in the processed sample. In silicon dioxide growth, there is a
volume change of about 45%, which causes mechanica warping.
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V) Chemical Vapor Deposition

Chemicd vapor depostion, or CVD, involves thermdly bresking down gaseous
compounds into their components.  When they impact a wafer, some of these components
nucleste onto it, which grows a thin film. CVD is limited by both the mass trangport and
reaction-limited processes, with the latter method being preferable due to its better uniformity.
This process can be used to deposit many common semiconductor materias, including silicon
dioxide, slicon nitride, polycrystaline slicon, and refractory metals. In low pressure therma
CVD, or LPCVD, films with the most desirable mechanica properties are produced. Unlike
other methods, CVD films can be deposited conformaly on a sample.  This property adlows
CVD films to sed cavities, which can be advantageous in many devices. The sresses and
mechanica properties of CVD films can be controlled through the deposition conditions and
subsequent annediing. A CVD process cdled epitaxia growth can be utilized to grow sngle
crysta films on cryddline subdtrates.  Since these films have the same properties as bulk
crysds, they could find amultitude of gpplications in the MEMS industry.

Figure5-4: A chemical vapor deposition system. (from [179])
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vi) Plasma Deposition

Plasmarinduced reactions are commonly used for the deposition of MEMS materias.
The decomposition of gaseous compounds into reactive species can be induced by the presence
of a plasma. This process is known as plasma-enhanced CVD or PECVD. This process
utilizes a plasma that contains many ionized species. Some of these species are then deposited
on the subgtrate, which forms a solid film. PECVD films are deposited a a faster rate and
require a lower depogtion temperature than therma CVD films, which permits deposition on
low-meting point substrates. A number of organic films can dso be deposted through
PECVD. These films find use as ressts for nonplanar substrates. However, PECVD films
contain cracks and pinholes.  Accurate control of the stoichiometry is difficult as these films
contain trapped byproducts from the reaction (especidly H) that affect the film's mechanica
integrity and residual stress.
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Figure5-5: Thebasic photolithographic processin a cross sectional view. First athin film isdeposited on

the substrate in (a) followed by the photoresist in (b). UV rays are then focused through a mask onto the

surfacein (c). Depending upon thetype of photoresist, the exposed resist iseither removed or Ieft intact in
(d). Next, thefilm isstripped away in placesthat it isnot covered by resist in (€). Finally all of theresist is
removed in (f). (from [158])
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B. Photalithography

Photolithography is the process by which patterns are transferred onto a wafer. It is
accomplished by spinning a thin layer, usudly 1 mm thick, of photosenstive organic materid,
cdled photoresst, onto the wafer. Then a light source, which typically has an ultraviolet
waveength, is flashed through a computer generated quartz mask and focused onto the
photoresist. Then, in aprocess smilar to photographic picture development, the photoresist that
has been exposad to light is washed off with the aid of a chemicd developer. The remaining
reSss then acts as a barrier for the underlying regions for further processng. After the
processing on the exposed layers has been completed, the resist is washed off and a clean
processed wefer is left. This process is typicaly repeated many times with different mask sets
for many of the most common integrated circuits fabrication processes. There  are severd
critical sub-processes in photolithography that need to be addressed as well.

Figure5-6. Typical alignment machine.

i) Mask Fabrication

The quartz mask is generated by photolithography as well. This process utilizes a glass
plate with chromium or emulson patterns and entalls the use of a computerized mask making
machine. It darts with a pattern for the mask being entered into the computer through
commercidly avalable CAD tools. The pattern is then broken down into smdl rectangular
regions trandferred to a mask-making machine. Then a glass plate coated with light blocking
chromium or emulsion and photoresst is exposed. The data on the computer is used by the
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mask maker to position the mask and determine the Size of a variable gperture shutter on the
ultraviolet light source. Each of the rectangular boxesis then individualy exposed onto the plate.
Depending upon the design, this process may be repeated over one hundred thousand times
before the mask is finished. After this exposure step, the photoresist is developed and the
chromium or emulsion patterns are etched.

i) Alignment and Exposure

In processes that require multiple masks, each mask layer must perfectly match the
features on the subgrate. Thisis done by digning the mask to specid features, cdled dignment
keys, on the wafer prior to exposure. A typica mechanica dignment utilizes a sample, mask
holder, a stereoscopic microscope, an ultraviolet light source, and a precision positioning stage,
as shown in Figure 5-6. This can ether be done with a stepper digner, which exposes one die
a atime, or with a contact digner, which exposes the whole wafer a once. Often in MEMS,
the fabrication process requires photolithography to be performed on both sides of awafer. To
accomplish this, two masks are digned with each other insde a secure assembly. Then the
wafer isinsaerted and aigned with one of the two masks before being exposed to the ultraviolet
light source. Thereis dso an dternative method employed that uses an infrared microscope to
locate dignment keys on the back-side, which could offer better aignment precision.[6]

C. Etching and Patterning Techniques

After a pattern has been transferred onto a wafer, it is often necessary to strip away
unwanted sections of materias. This process, caled etching, determines the dimensions of a
MEMS dructure. Invariably the rdiability of a device will be related to how well the etching is
performed and, as such, it must be well understood before a device can be qualified. There are
severd standard etching techniques used throughout MEM S processing that will be discussed in
the following sections.

) Lift-off

Lift-off is a ample patterning technique. It is accomplished by depositing a layer of
sacrificid materid, like photoresst, on a subgtrate. This layer is then patterned, which usudly
involves the photolithographic processes discussed above. Then a layer of dructurd film is
evaporated onto the substrate. The pattern on the sacrificid layer is then transferred to the
dructurd layer by removing the sacrificid layer. This has the effect of removing dl of the
sructurd materid that is on top of the sacrificid layer, thus leaving a patterned structurd film.

i) Wet Etching

Wet etching involves immeraing a wafer patterned with photoresst or other etch masks
in a chemicd bath. The chemicd etchant selectively removes materid not covered with the
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mask. The exact profile of the patterning depend on the anisotropy of the etch. Wet etchants
al exhibit a degree of isotropic behavior. This has the effect of undercutting the patterned
sructure, making it smdler than the resst mask. The degree to which the etchants etch the
<100>:<110>:<111> directions is responsible for determining the maximum aspect ratio of
many structures.  Another important aspect of many etchants is their ability to seectively etch
one materia over the other. Caled sdectivity, this ratio determines how thick etch stops must
be and provides dimensiond limits on many technologies.

There are severd different chemicas used in wet etching. Acidic etches are used for
isotropic release etches. These are usudly completely isotropic etches that are designed to
Separate suspended Structures from the underlying substrate. Common acidic etchants are HF,
HNOj3, and CH;COOH. These chemicas etch from 50 to 150 nm/h. SO, is often used as an
etch stop for these materidls, asit is usudly etched a arate of 2 mm/.

For an anisotropic etch, dkaline etchants are commonly used. These exhibit different
degrees of selectivity and etch rates. Typicdly these chemicas etch <111> planes much dower
than the <100> and <110> planes. This effect and itsimpact upon MEMS devices is discussed
in greater detail in Section 5-11A. Some etchants can aso be influenced by the introduction of
boron into the bulk materid, which can greetly reduce the etch rate. It is adso possble to
influence etch rates in a process known as dectrochemica etching, which involves goplying a
voltage across a p-n junction.

iii) Dry Etching

Dry etching, dso referred to as reactive ion etching, or RIE, involves usng etchantsin a
gaseous sae. The etchant is converted to a highly ionized plasma. Dry etching is performed in
a chamber pumped down to a pressure between 10 mTorr and 1 Torr. A wafer is placed
between two eectrodes, which are then exposed to an RF voltage, which creates a plasma in
the chamber. Etching occurs when highly reective free radicds in the plasma react with the
solid-phase materid of the film. The anisotropy of the etch is a result of the chemicd reaction
being preferentialy enhanced on the side of the wafer parale to the dectrodes by bombardment
from ionsin the plasma. The ions impinge the surface of a film and expose underlying materid,
which is then etched away by the gas. The ions accderate the etching process considerably,
which means that the vertica sdewadls of the wafer, which do not interact with the ions, are not
affected by dry etching.

GaAs anisotropic etching is usudly performed in chlorinated gasses. One of the
problems with GaAs etching is that, due to differencesin the etch rates of group 111 and group V
halides, the speed of etching in GaAs varies with crystd planes. In low power, high pressure
Cl, gasses, sgnificant faceting can occur. There are severd methods that can be used to avoid
this problem. It is possble to add certain compounds to form polymers in the plasma and
passivate the sde wals, thus preventing the problem. Another possibility is to use hydrides to
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etch arsenic and methane to etch gdlium. A mixture of AsH; and between 5 to 25% methane
has been shown to be an effective anisotropic etchant.[46]

One of the mgor drawbacks to reactive ion etching is resdua damage caused by the
etch.  With ion fluxes of 10" ionslen? delivered at 300 to 700 eV, subsirate damage and
chemica contamination are serious issues to congder. Another problem is gas phase paticle
deposition and metalic impurities originating from the RIE chamber and dectrodes. Severd
more complex techniques have been derived to remove these problems, but they come at added
expense and preparation time. It is dso known that the RIE can drive impurities into the bulk
materid to depths of 30 nm, which can limit the fracture strength of a structure.[46]

1. MEMS Fabrication Processes

A. Bulk Micromachining

The didinguishing characterigtic of bulk micromachining is that it fabricates
micromachined devices out of the bulk of a subgrate. In recent years, severd variants of this
procedure have gppeared that utilize different etching and patterning techniques. In this section,
a brief overview on bulk micromachining will be offered that will include the most prevadent
processing techniques.

Bulk micromechining begins with asngle crysta subdraie. A thin film of materid thet is
inert to the chemical etchants is then deposited on the subgtrate. For silicon subgtrates, slicon
oxide or nitride are most commonly used as an etch mask. Then the film is patterned so that the
undesired portions of the film are removed. This|eaves the bare substrate exposed.

At this point, the bulk materid is etched. The etching of the bulk materid can ether be
performed with a wet or a dry chemica etchant. Since the processes associated with these
etches are subgtantivey digtinct, they will be individualy addressed.
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) Bulk Micromachining with a Wet Etch

%///////%ﬁﬁde .

2

2" oxide layer

(c)

(d)

7

Figure 5-7: A side view of a generic bulk micromachining process. (a) an oxide layer is grown and
patterned on top of a <100> silicon wafer. (b) Boron ision implanted and annealed to the suitable depth. (c)
a second oxide layer isgrown and patterned. (d) KOH anisotropic etch.

The process associated with the wet chemical etching of slicon isillustrated in Figure 5-
7. As the figure shows, this anisotropic etch occurs in diagond direction. This is a common
feature of wet anisotropic etches. Since the early 1960s, akaine solutions have been used to
etch dlicon dong cryddline planes. The etch rate is dowest in the <111> direction and fastest
in the <100> and <110> directions. The result of this uneven eich rate is that the bulk materia
is etched a an angle of 54.74°, which is the angle between the (100) surface and the four
{111} planes. The ratio between the etching in the desired directions and the etching in the
undesrable directions is defined as the sdlectivity. An etchant that has a better selectivity will
yield amore defined, and hence better, finished structure.

There are severd characteristics of anisotropic etches that lead to important design
congderations. The mgor congdraint is that designed features must be bound by the {111}
planes thus the resulting structures are necessarily rectangular, with sdewalls doping away at
54.74°. The use of less popular <110> oriented S wafers yields verticd sidewadls but the
planar features can only be long pardld drips on the subgrate, which have limited use. In
recent years a number of groups have begun exploring dry etching processes that offer the
possibility of anisotropic etchings.

79



_oxide

Step L [l i Step 4: ]
Deposit & etch bottom
pattern mask oxide
oxide
- - tep S 1 —
gtep 2s.ilicon H Second deep
cep silicon etch
Etch (RIE)
Step 6:

Step 3: Release structure HI |

Deposit and sputter

sidewall metal film

oxide

Figure5-8. A sideview of one of the dry etch micromachining processes. In Step 1, an oxide coating is
grown on top of the substrate and patterned. Then, in Step 2, a reactive ion etch removes slicon and
transfers the pattern from the oxide. Step 4 exposes the bottom of the wafer for Step 5, etches a small
amount of substrate. This allows Step 6 to proceed, which is an anisotropic etch that releases that
structurefrom the substrate and often depositsa layer of metallization to create an conductive surface.

i) Bulk Micromachining with a Dry Etch

Bulk micromachining involving dry eiching is performed in much the same way as bulk
micromachining with a wet etch. One example of a dry etching process is the SCREAM
process, which was developed at Cornell under the supervision of Nod MacDondd and is
illustrated in Figure 5-8. This process is conducted by transferring a pattern onto the substrate.
Then, areactive ion etch is performed. Normally after this, a second deep etch is performed to
expose oxide-free slicon. From this point, an isotropic etch can be performed to release the
whole structure, which creates high aspect ratio structures suspended above the substrate.[180]

There are multiple methods employed to produce finished devices through a reactive ion
etch. While the processes vary by research group, al employ a deep reactive ion etch that can
Cregte aspect ratios higher than 20:1. It is the ability to produce these high aspect ratio
structures, which can have higher mass and capacitance per silicon surface areathan many other
MEMS technologies, that has helped to drive the development of RIE in MEM S production.

In the production of bulk micromachined devices, it has proven useful to layer devices.
The most common method of achieving layered bulk micromachined devices is by bonding two
waferstogether. For thisreason, different wafer bonding techniques will be addressed.
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i) Wafer Bonding

Wafer bonding has been used in recent years for both sealing microsensors and for the
condruction of composte sensors. There are severd kinds of wafer bonding techniques
commonly employed, which are discussed below.

(@D} Anodic Bonding

Anodic, or dectrogtatic, bonding is a process that bonds a conductive substrate, which
isusualy slicon, to asodium rich glass subgtrate. Thisis done by putting the two substrates into
direct contact. They are then heated to between 350-400 °C, which mobilizes the sodium ions
inthe glass. Then avoltage of 400-700 V is applied between the two subgtrates, with the glass
substrate being made negative with respect to the slicon wafer. This repels the sodium ions
from the interface and creates an ion-depletion region about a micron thick with eectric fidlds on
the order of 7 10° V/m. This creates an electrogtatic pressure of severa atmospheres, which
pulls the two wafers together while athin layer of SO, isformed. The end result of this process
isahermeticaly sedled bond with a strength that exceeds that of the individua substrates.

There are severd reiability concerns in producing these bonds. The high temperature at
which the bond is formed can induce thermad mismatch warping in a processed device. There
can aso be warping at the bonding interface from unmatched therma coefficients of expansion.
Currently, Corning glass 7740 offers the closest match to dlicon Ancther concern is the
introduction of the large voltages and dectric fidds inherent to the bonding process. It is
possible to destroy the device in the bonding process if these factors are not considered.[6]

2 Low-Temperature Glass Bonding

Low-temperature glass bonding offers a viable dternaive to anodic bonding for
gpplications where high voltages are unacceptable. In this process, the bonding interface is
covered with a thin film of low-temperature glass. The wafers are then placed into contact
under pressure and heated to create the bond. The low-temperature glass then either melts or
crystalizes, depending upon the actud glass used, which bonds the two subgtrates. In generd,
these bonds are not as strong, and thus less reliable, as anodic bonds.

In some applications, glass frits are used to form bonds. These frits are solutions of
metal oxidesthat form apaste. Under pressure, the frit will form afilm that seals rough surfaces.
This film can be hardened by hegting it to between 300-600°C. The thermd expansion
coefficient of these frits can range between two to five times more than that of slicon, which can
lead to warping problems.

3 Fusion Bonding
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Fuson bonding is a technique that fuses two materids together through high
temperature. This process is used commonly in the production of sliconron-insulator devices
and pressure sensors. It is accomplished by taking two clean wafers and placing them on top of
one another. This bonds the two wafers through Van der Waals forces. They are then placed
into afurnace to create the fina bond a temperaturesin excess of 1000 °C.

While this process creates strong bonds it has some serious drawbacks. High furnace
temperatures prohibit the use of active devices in the wafer prior to bonding. Furthermore, the
week initid bond makes the find bond strength very sengtive to the surface topology of the
wafers and the presence of contaminants. For these reasons, these bonds are not aways the
most religble and are often difficult to use.

iv)  Reliability I ssues

T

Figure5-9: Hillocks caused by wet etchants.

Bulk micromachined devices have reiability concerns that vary with the processes used
to fabricate them. One problem with using wet etchants is that they create sharp corners in
slicon. These corners are naturd stress concentration points that will wesken the strength of a
dructure.  The use of chemicd etchants can aso lead to rough features on the surfaces of
processed dructures. The features, cdled hillocks in the literature, are a periodic undulation in
the slicon. The presence of hillocks, which has been measured as high a 10mm, precludes
many electrogtatic devices from operating properly. Furthermore, hillocks create natural stress
concentation points that are more likely to fragment over time, which can creste destructive free
particulatesin the MEMS device.

Dry etching can have rdiability problems caused by the reactive ion etch. While the
sdewalls cregted by these etches are intended to be verticd, they often have irregular features.
Poor control over the conditions inside the etching machine can lead to unintended geometric
effects on finished devices, as shown in Figure 5-10. A study conducted a Carnegie-Meéllon
University[168] has shown that the O, flow rate, pressure, and RF power density of the RIE
machine can influence the formation of different Sdewal features. Devices produced that have
these uneven sdewall features will have questionable reliability characteridtics, as these features
are indicative of a poorly controlled process line. Devices with these features will so depart
from predicted operationa characteristics and, as a result, devices made with dry etches need to
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be screened for these characteristics.  One postive feature of usng an RIE system is that it
produces more rounded corners than wet etching. As aresult, these structures are not as prone
to fracturing as wet etched devices.

A Y

Re-entrant Vertical Tapered

L | [

Notched Ripples
Figure5-10: Possible sidewall features created by a poorly controlled RIE. (from [181])

B. Surface Micromachining

Surface micromachining is a process that offers many advantages and disadvantages
different from bulk micromachining. Surface micromachining differs from bulk processesin that
devices are fabricated entirdy out of thin film materids. One of the mogt atractive features of
this process is that it, like reactive ion etching, does not suffer from the 54.7° feature
enlargement common to bulk micromachining with wet etchants. A key desgn feature of
surface micromachining is the choice of gructural and sacrificid thin films,

A typica surface micromachining process darts with a slicon substrate passivated by
dlicon nitride. Upon this subdtrate, athin film of sacrificid oxide is depogted. This film is then
paiterned according to the device's desgn. After this, a layer of thin film polyslicon is
deposited to form the structurd materid. The most common method of depostion is through
LPCVD, which can ether produce polycrysdline or amorphous slicon films depending upon
reaction temperature.  This process dlows tight control over the resdua gress in the films.
After this, the oxide layer is often removed by immersing the sructure in a HF solution. For
most surface micromachining, the process of depositing a layer of oxide, followed by a layer of
polysilicon will be repested severd times to produce multi-layered sructures. Figure 5-11
shows a common process developed by MCNC that uses three layers of polysilicon.[144]
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The ability to layer structures in surface micromachining has piqued the interests of many
researchers. It dlows for the congruction of structurally complex sensors that are difficult to
fabricate with bulk processes.

)  Reliability Issues

Another consideration that needs to be addressed in these devices reates to ther
mechanica properties. While bulk materids have well understood properties, the mechanica
atributes of surface micromachined devices depend upon thin film processing conditions. To
ensure reproducible devices, these conditions must be well contralled. In particular, many of the
materids used in these devices have large built-in stresses which affect the performance of the
deviceto avariable degree (Figure 5-12).

Figure5-12: MEMSstructurewith alargeresidual stress. (from JPL)
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Surface micromachined devices dso have adhesion problems that are inherently worse
than bulk micromachining. Cantilever beams are produced in surface micromachining on top of
a sacrificid oxide layer, which is removed by immerson in an HF bath. Then the sructure is
cleaned in de-ionized water. After this, aof 5-30A thick oxide layer will form on the surface of
the polyslicon. There will dso be hydroxyl groups in the oxide layer, which have a high surface
energy. This makes the oxide layer extremey hydrophilic, which creates a strong capillary force
between the beams and the substrate.  This capillary force will pull the beam to the substrate
and create an adhesive bond between the beam and the substrate.

There are savera methods now used to prevent released structures from bonding to the
subgirate. Severa groups, including those led by R. Howe at Berkeley and N. Tien a Corndll,
utilize a thin film of sdf assembled monolayers on the surface micromachined device. The
monolayers are hydrophobic, which crestes a repulsive force between the substrate and the
suspended gructures, which effectively prohibits adhesve bonds from forming. However, it
remains unclear what impact the monolayers will have on the long term rdiability of these
devices. Ancther method that preventsthe creation of adhesive bonds involves using polyimide
as asacrificid materid. This technique, developed by Gregory Kovacs a Stanford Universty,
utilizes duminum sructures that are released in an oxygen gas.  Since this process does not
utilize any liquids, no adhesive bonds are formed.

C. LIGA

LIGA is a German acronym that stands for lithography, eectroplating, and molding.
LIGA was developed to produce high aspect ratio structures. LIGA offers some unique
properties that makes it an interesting technology. LIGA enables the congtruction of structures
with the thickness of bulk micromachining with a degree of design freedom smilar to surface
micromachined devices. This technology offers structures severd hundred microns thick, with a
minimum fegture Sze of only afew microns.
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Fig. 1 Fabrication is done an a (100) silicon wafer with a 0.5um oxide layer. A
plating base is formed by sputtering 300nm of Ti and 20004 of Cu withi a top
layer of 3004 Ti. The Ti and Cu also act as a releasa layer. Thick photoresist
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Fig. 2 The desired mefal, in this caze nickel, is electroplated onto
the substrate, filling the voids in the PMMA.
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Fig. 4 Finally, the PRMMA is removed. If desired, the customer can
release the strechures from the subsirate by etching away the
plating base in an NH 4 O 2 ™ 21:! 2 solution.

Figure5-13: ThebascLIGA process. (from [144])
The LIGA process begins by depositing a layer of thick photoresist, usudly poly-methyl

methacrylate, or PMMA, that is between 300 and 500 nm thick onto a conductive subsirate.
The PMMA is then patterned with short wavelength radiation from an X-ray synchrotron source
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for severd hours. Then a layer of metd is dectroplated onto the exposed area of the
conductive base plate, which fills in the open areas created by the patterning. Then the meta
dructure is separated from the PMMA mold, as shown in Figure 5-13. This metal structure can
in turn be used as a mold insart for injection molding to form multiple plagtic replicas of the
origind plating base. These plastic replicas can then be used to make multiple copies of the
origind dructure,

The LIGA technique involves some advances beyond semiconductor processng. The
X-ray source must be capable of delivering at least 1 GeV of energy a wave engths shorter than
7 A. To withstand this bombardment, the opague part of the mask must be constructed out of a
materid with a high atomic number. Furthermore, the trangparent part of the mask must have a
low aomic number to dlow the photons to pass through without heavy absorption and
scattering.  Successful masks have been made with 3 mm thick gold in the opaque region and 1
to 2 mm thick slicon nitride or titanium foil in the transparent region. Ancother hurdle to
overcome is the eectroplating of the patterned structure. This step requires accurate controlling
of current dengty, temperature, concentration, and composition of the plating solution to prevent
the formation of hydrogen bubbles, which can ruin a Sructure. These conditions dso determine
the internd stress of the device and thus must be well understood and controlled to ensure
reliable device operation.

)  Reliability Issues

LIGA, as a redively cosly technology, has not been researched as fully as other
MEMS processes. As a result, the LIGA process can have great variability across process
runs. Another problem with LIGA is that the injection molding process and mold separation
processes require amost perfectly verticd structures. This issue has become a strong factor in
the device yidd of LIGA technology.

D. GaAs Processing

The processing of gdlium arsenide can be as varied as dlicon processing. While there
are many GaAs processes that are very amilar to those of dlicon, there are some techniques
that are unique to GaAs. These GaAs processng techniques are an offshoot of bulk
micromachining that utilizes the unique properties of GaAs and its ternary dloy AIGaAs to
produce structures.

One method of processing GaAs wafers is to use ion implantation. The first step isto
layer an implantation mask. Then alayer of N ions is implanted into the substrate. The depth
that they trave into the subgtrate is afunction of accelerating voltage. Then the mask isremoved
and the sample is annedled at 750°C for about 30 minutes while covered with PECVD SiN,.
This process recrystdizes the buried layer to a GaAs,.«Ny layer. Then a SO, etch mask is
evaporated onto the surface of the wafer. Then an anisotropic etch is performed to expose the
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buried layer. Findly a sdective etch is used to remove the buried layer. This process is
illugtrated in Figure 5-14.

11 O
Climplantation mask
O
SigNa o o |
OGaAs

Figure5-14: Fabrication of a suspended structurein GaAs. First alayer of N ionsisimplanted into the
substrate, then a Si;N, structureis patterned on top. Finally theN ion layer issdlectively removed, leaving
asuspended structure.

Another GaAs process used in producing microgiructures is to micromachine through
the use of epitaxy. This process utilizes the chemica difference between GaAs and AlGay xAS
in order to gain the dedired results. The first step to this process is to use epitaxial growth to
produce an undoped Al,Gay.As layer on top of a GaAs wafer. Then a S3N,4 etch mask is
applied to the back side of the wafer. This mask then dlows the full remova of the GaAs by
using an H,O,/NH,OH solution, which leaves only a thin membrane of Al,Gay.xAs as shown in
Figure 5-14.[21]
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Figure5-15: Fabrication of an AlGaAs membrane. Thefirst step in this processisto epitaxially grow a
AlGaAs layer on the GaAs substrate. Then a Si;N, etch mask is used to etch away the back side of the
structure.

) Reliability | ssues

One isse tha is an area of concern in GaAs processing is the internad film dresses
created by therma mismatch in GaAs-AlGay.«As heterodtructures.  Epitaxia growth is a high
temperature process which will, even though the lattice parameters of these two compounds are
well matched, create a strain from differing expanson coefficients.

1. Additional Reading
Sze, S. M. ed., Semiconductor Sensors, Wiley Inter-Science, New Y ork, 1994.

S. A. Campbdl, The Science and Engineering of Microdectronic Fabrication, Oxford
Univergty Press, Oxford, 1996.
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Chapter 6: Common Device Elements
B. Stark

While a completed MEMS is a complicated device, the individua components of any
given system are much smpler to understand. Due to the nature of MEMS processing, no
single component can be very complex. This in turn means that underganding of a MEMS
device can be gained through knowledge of a few smple parts and understanding how they
interact. To ensure the reliable operation of a MEMS device it is sufficient to ensure the reliable
operation of al the congtituent parts.

One of the difficulties in writing a guiddine is trying to sdect maerid that will not be
dated before the book goes to press. To preclude this problem, this chapter does not address
gpecific sensor technologies, but rather it deds with device dements. It is assumed that a
knowledgesble reliability engineer can condtrue al the necessary information on, for example, a
capacitive accderometer by examining the sections on gructura beams and pardld plate
capacitors. It isfdt that this arrangement of the materid will increase its useful lifetime.

This chapter has been loosely organized into three sections. The first three subchapters
discuss gructura dements in MEMS. The next two subchapters, dong with part of the third,
discuss transducer eements.  The remander of the chapter is dedicated to actuator
technologies.
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l. Structural Beams

Structurd beams are a basic building block of most MEMS devices. A beam is, asthe
name implies, a long thin piece of materid that often serves as the supporting bads for a
sructure. Whilethisis farly sdf-evident, there are dso some commondities specific to MEMS
beams that are useful to understand. The mgority of beams used in MEMS have the
rectangular cross section defined below:

out of plane

B neutrd axis

inplane

+—>

Figure 6-1: Cross section of common MEMS beams. Dimension A is planar and is limited by the

minimum feature size of the processing technology. Dimension B is non planar and is limited by the
aspect ratio of the etching technology.

Figure6-2: SEM picture of beam with all dimensionslabeled. (from [155])

A SEM picture of a beam is included in Figure 6-2 to show the usud labels given to
each beam dimengion. It should aso be noted that the rectangular cross section is a generdly
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accepted gpproximation, as there are multiple non-uniform features introduced in device
congruction. In some cases, such as beams made with wet etching and certain CMOS
processes, the cross section is more trapezoidd than rectangular. However, once the basic
shape of the beam is determined, it is relaively smple to congtrue its mechanica properties.

A. Structural Analysisof Support Beams

) Static Deflections

Support beams are andyzed for both rdiability and performance usng techniques
common to most engineering dudents.  One issue criticd to understanding beams is
understanding how they bend under different loadings. The most common method to determine
this involves the Euler-Bernoulli equation

d?y _ M(x)

dx>  El (6-1)

where
x = direction dong the neutrd axis
y = direction dong the transverse axis
E = Young' s modulus
| = areamoment of inertia

M(X) = the bending moment in the beam, which is usudly afunction of x.
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Asthis definition may be a bit obtuse, Figure 6-3 illustrates the concept being described.

Beam Configuration
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Figure6-3: Displacement of loaded cantilever beams.

To andyze the deformation of a beam under transverse loading, Equation 6-1 is
integrated twice using the gppropriate boundary conditions. This yields the resullt:

y(X) = - éc‘o‘j\/l (X)dxdx+Cx+ D

94

(6-2a)




6-2b
y'(X) =- é(‘j\/l(x)dX+C ( )

where C and D are congtants determined by the boundary conditions.

For a cantilever beam, which is one of the mogt dructurd beams in MEMS, with the
boundary conditions of y(I)=0 and y’(1)=0 and a force, F, applied a one end, the equation
yieds

Fald 1°x 1%0
y(x) =- Eég 7+§3 (6-3)
6.00E-05
4.50E-05
3.00E-05 A
1.50E-05 —
0.00E+00 T | |

0.E+00 2E05 4E05 6E05 8EO05 1

« End applied load —— Distributed Load

Figure6-4: Graphical representation of a cantilever beam deforming under atransverseload.

Figure 6-3 contains the equations describing cantilever deflections under other common
loading conditions. This analyss dso leads to another piece of information that is useful to
understand. Since Equation 6-3 describes a linear force-deflection reationship, it is essentidly
describing a spring reacting to an gpplied load. This means that it is possible to extract a Soring
condant, k, from this expresson. Evaduating y(X) a a specific point will determine the spring
constant.  For this example y(0), which is equa to -FF/3EI, will be used. Rearanging this
equaion yidds.

F _ SH (6-4)

y(© I

and, since Fly =k, this gives the reault:
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k, = E (6-5a)

The vaue of | can ether be determined by integration or by tables. For rectangular

cross sections and planar bending, | is a®b/12 and Equation 6-5a is rewritten as 6-5b. If anon-
homogenous beam is used, then the method introduced in Chapter 5-2C describes how to
normalize this beam to a uniform cross section.

_Ea®
y 4| 3

(6-5b)

While this expression is useful for predicting displacement under a given load, there are
some limitations to it that must be understood. Hooke's law of F=kx only applies for smal
displacements. For larger displacements, non-linear terms will gppear in the force-displacement
equations. The degree to which this equation applies thus depends largely upon how large a
force is gpplied to the structure.  Often, to smplify the development of devices, designers will
condruct structures that will operate soldy within the linear regime. However it is important to
understand that the linear force-displacement equation is only afirst order approximation of the
actua relationship between force and displacement.

(Bh)

Figure6-5: Beamsdisplacing an angle, f, dueto an applied torque. (from [11])
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For some gpplications, especidly those involving non-planar displacements, it is
necessary to subject structura beamsto atorque. There are methods for analyzing rigid bodies
under atorsond load, an example of which is shown in Figure 6-5. For these gpplications, it is
useful to relate atorque to the angle of twigt, f , which can be accomplished with the expression:

1o (6-6)
c,Ga’b
where

T = applied torque

C, = acondant defined in Table 6-1
bla | G Co
1.0 0.208 0.1406
15 0.231 0.1958
2.0 0.246 0.229
25 0.258 0.249
30 0.267 0.263
4.0 0.282 0.281
50 0.291 0.291
10.0 0.312 0.312
¥ 0.333 0.333

Table6-1: Constantsfor rectangular cross sectionsunder atorsional load.[11]

As might be expected, there is dso atorsond giffness related to beam geometry that is
useful in anadlyzing non planar actuators. This diffness, ks is defined by:

3
Ko%:mﬁ%ﬁ (6-7)
i) Oscillatory Motion

As gructura beams are often operated in resonant modes, it is necessary to analyze the
oscillatory motion of beams. Resonant frequency” is determined by the equation:

! The terms “resonant frequency” and “natural frequency” are used interchangeably in this section.
Although this is common in the literature, these are actually two distinct quantities. The relationship
between resonant and natural frequency is discussed in detail in Section 3-VII.
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Wo = (6-8)

where
k = tiffness or spring congtant
Myt = MOving Mass

The only two quantities required to determine the natural frequency of a beam are k and m.
Since k has dready been derived, it is necessary to cdculate the moving mass. The moving
mass can be andyticdly determined usng Rayleigh’'s method. However, this method exceeds
the scope of the guiddine. It suffices to know thet, for a cantilever beam, the moving mass is
roughly 23% of the total mass. This can be andyticaly described by

m, =.23r abl
(6-9)
where r isthe mass dengity of the beam. Thisleadsto afind expresson for resonant
frequency:
w, =1.o43|32 £ (6-10)
r
In cases when beams oscillate in torsion, the torsona resonant frequency is
W, = kf— (6-11)

Since beams driven by harmonic transverse loads behave smilarly to strings in tension,
the wave equation can describe andytically how a beam movesin resonance:

F_ mTy
% T (6-12a)

Through a subdtitution of the force for an expresson involving the moment, this
equation becomes:

Ty (6-12b)
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This equation describes the curvature of a beam as a function of time. Through the
study of differential equations, Equation 6-12b is solved as.

y = (A Sn(KX)+ A cos(KX) + A Snh(Kx) + A cosh(Kx)) cosim +Q) (6-13)
where
A, = congtant determined by the boundary conditions

K4 — erm
Ell

This reveals that, at resonance, a beam will oscillate in a Snusoidd fashion, with the
shape of the beam determined by the boundary conditions:

‘ P ‘ ‘ e J/\‘

Figure6-6: Oscillatory modesfor cantilever beams (top) and built-in beams (bottom).

While using the above techniques will determine the shape of beams under a variety of
loads, different methods will have to be introduced to insure that the beams will not fail under the
stresses caused by these loads.

B. Failure of Structural Beams

A gructura beam will fail when the maximum alowable stress has been exceeded. For
different types of materids, different faillure modes are exhibited, as discussed in Chapter 3.
However, for reliable operation, the stresses in materias should not approach ether yield or
ultimate stress. There are severd methods useful for calculating stresses in materias.

The normd dress, s, iseasy to cdculate. It can be determined by the relationship:
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s, = @ (6-14)

where y isthe vertical distance from the neutra axis.

While this equation is valid for smal deformations, for large deformations, the dope of a
beam at the loading point*, %{ , becomes important. For large deflections the maximum stress

|
is

(6-15)

The ratio of s ™' /s | #9 s compared to get an edimate in the error in using the

linearized approximation of Equation 6-14. One study [40] found the error to be 5% at
agly| O . . N

tan’ 1§d—i +=30°, 11% at 45° and 22% at 60°. So, the extent to which alinear approximation

]

is vaid depends upon the size of the deflection, as one would expect.

Determination of shearing stressis dightly more difficult. Shearing stressis caculated by
examining a section of abeam and using the equation:

i =VQ (6-16)

ave
It

where
t ae = @verage shearing stress in a section of the beam
V = vertical shear in agiven cross section

t = thickness of the cross section

y=C
Q = 1% moment of the area defined as Q = ¢jydA

y=yl

! This derivation assumes a concentrated load.
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y =0 (neutrd axis)

<4+

Figure6-7: Side(top) and cross sectional (bottom) views of cantilever beam
under shear force and bending movement.

The relationship among al of these valuesis presented in Figure 6-7. To determinet may,
it isusudly necessary to examine t 5 @ a function of y. For beams with the height > 4 width,
the gpproximation of t,=1.5" V/(W" h) is useful. However, for planar bending in beams,
wherethe b 3 ardaionship obviates this approximation, the full structurd andyss will have to
be performed. It is convenient to recognize that maximum shearing stress will aways occur
aong the neutrd axis, unlessthere are marked variationsin beam thickness. Thus, determination
of shearing stressin beams can usudly be performed smply by examining t 4. at y=0.

For rectangular beams subjected to a torque, there will be a shear stress that will vary
as a function of horizontd and vertica position. However the study of mechanics reveds that
the maximum dress, which is the most important in terms of structurd analys's, occurs dong the
neutrd axis of the wider face of the beam, which, in this discussion, is labded as b. This
maximum shearing Sress is determined by the relation:

T

t . =—
c,a’b (6-17)

max

where c¢; isacongtant defined in Table 6-1.

While usng the above andlyss leads to a good understanding of when fracture will
occur, there are other failure modes in sructurd beams. Beamswill usudly fall if they come into
contact with other structures, due to adhesive forces. To andyze the probability of this, the
deflection of every beam must be considered under maximum load.
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Another concern raised in Chapter 3 was the impact of fatigue in beams. Over long
cycle times, the properties of beams will shift, which, as this section has shown, will change the
datic and resonant characteristics of the structures. These changes will ater the output of many
sensors based upon measuring frequency and deflection. Another fatigue related mechaniam is
the gradud relaxation of the fracture srength of a materid. Beams that were initidly driven
within stress tolerances of a materia, can be driven past them, as the tolerances decrease.
Although it should be noted again that this mechanism has yet to be observed in slicon.

Therma changes can dso have an impact upon beam reliability. Thermd stressing and
ungtressing creates mechanica fatigue in beams. In large temperature changes, as experienced
in the space environment, most MEMS beams will aso experience bimetallic warping due to the
fact that they are made of different materids that have mismaiched thermd coefficients of
expangons. Thermd fatigue can aso contribute to delamination.

C. Additional Reading

F. P. Beer and E. R. Johnston, Mechanics of Materids. Second Edition, McGraw-Hill.
New York, 1992.

C. M. Harrisand C. E. Crede, Shock and Vibration Handbook Volume 1: Basic Theory and
Measurements, McGraw-Hill Book Company, Inc., New York, 1961.
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1. Thin Membranes

In recent years, thin membranes have found increasing use in pressure and flow sensors.
They provide a large sensng area coupled with low mass, which is advantageous in many
goplications. A membrane is commonly assumed to be any Structure with a z dimenson much
gmdler than itsx and y dimengons. While the membranes used in MEMS do not fit the classic
definition of plates, their thickness deformation can be influenced by in-plane tendon. Thisterm
is also applied to these devices. A membrane structure is shown in Figure 6-8. The analysis of
amembrane is more difficult than cantilever beams, but it is il tractable.

SENSOR #5)
2d JUL 97

19.0 kv 19%pm  GODEG TILT = sgpes

Figure6-8. A thin plate viewed at 200x magnification. (from JPL)

A. Structural Analysis of Membranes

i) Static Deflection

There ae severd methods commonly employed in the analyss of thin plates or
membranes. The most obvious method is to use the equations of motion to describe the plate,
as was done for beams. Thisis accomplished by defining coordinates for the plate in the x and
y axis and taking into account al shearing and bending forces. This anaysisleadsto a system of
sx equations and six unknowns which reduces to the result:
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(6-18)

wlie!

where

w = the plate deflection at any given point
g = the latera load function

B . _ ER
D =the plate stiffness = ———
12(1-n*)
h = the plate thickness

The solution of this equetion clearly requires determining the function w, such that it
satisfies both the loading and boundary conditions. Since empirica data shows that these moddls
are not the most accurate, the method developed by J.Y. Pan[14] is often used. This method
begins by determining the midpoint deflection of a membrane, Wy, For a square membrane there
is areationship between midpoint deflection and an applied pressure p given by:

hs hE

p(Wo) = C1_2Wo + C2—4WS [14] (6-19)
a a

where
S =internd stress
a= plaewidth
W, = plate deflection at center point

C,,C, = functions of Poisson’sratio, defined in Figure 6-9a

104



36 14
34‘=0=0=0=0%%=0=0=07— =
% 3 / =2 1
gzs )l Z 08 —— WIMO—
226 E/r/ % 06 w2
«~ O
=
) —
Lg)j;’ / ~—a e
9 < 02
2
18 T T T T T 0 T T T T T
0 a1 (04 (0} 04 105 0 01 0.2 03 04 05

Poissns Ratio
Rosrisrdio
Figure 6-9b: wi/w, and wi/w, as a function of Poisson’s

Figure 6-9a: Dependence of C, and C, upon ratio.[15]

Poisson’sratio.[15]

Once wp is known, it is possible to determine the shape of the entire plate. If the origin
of the plate is taken a its geometric center, then the deflection is described by:

_& Xy XY Py §
W(x,y)—gwoﬂvl 2 T gCOS@Zag oy (6-20)

where w; and w», are functions of Poisson’srétio related to wy by Figure 6-9b.

While this method has the atribute that it offers a closed form solution to the shape of
the plate as afunction of x and y, it is not dways possible to solve the deformation of the plate
so smply. Ininstances when the plate is not smply loaded or supported, it is often necessary to
resort to other methods. Among the most common of these is to numericdly moded the
membrane. This process, known as the method of finite differences, separates the plates into
discrete points and andyzes the plate piecewise. This method is discussed in detail in Chapter
7.

i) Lamb Waves

Engineers aso utilize waves on plates as transducers. There are two kinds of waves
thet travel in plates. They are dilation waves, which involve changes in volume without rotation,
and digtortion waves, which do not change volume but instead result in rotation and shearing of
agiven materid. In more common terminology, the dilation wave is referred to as a longitudina
wave, while the distortion wave is often called a transverse or shear wave. These waves travel
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with a velocity that is materid dependent and the respective velocities of each, g and ¢, are
related by the ratio:

G _ @- ) (6-21)
(o} 2(1-n)
given that:
C = | +rZG (6-22a)
G .
c, = - (6-22b)

wherel isLamé s Parameter, defined by n = |

2(1 +G)
Pamme mmanani 8us
Bulk langitudinal HEE e
g | i o 1y, 24000 12000 mdss
T
E 5 O
(a)
Bulk transve
wiove v, = 2000-6000 m/s

— A _’lfr&e surface
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stviie Resagh] j_ & 1, = 2000-6000m/s
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([Lamb waves) LI CETITETTE: < Symmetric v, 22000 -12000m/s
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d

(d)

Figure 6-10: Wave propagation in solid media. (from [6])
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In plates, these two waves interact in complex ways at the plate boundaries, which
results in the formation of a plate wave, which isdso cdled alamb wave. These waves trave in
either symmetric or anti symmetric modes as shown in Figure 6-10. The lowest order of these
modes are very Smilar to surface acoudtical waves, or SAW, that propagate dong a semi-
infinite medium. However, in thin plates, the lowest order symmetric mode is digpersionless and
propagates much fagter than a SAW on the same materids. The lowest order anti-symmetric
mode, on the other hand, involves flexure and its wave velocity decreases monotonicaly to zero
as the plate becomesinfinitey thin[51] Lamb waves travel with a phase and group velocity that
is defined by:

_ 12D ~ (6-233)
Ps A Ry gs =~ Vps
2D 0
v, = wh gTDi Ve = 2V, (6-23b)
h°r g

where g and p represent group and phase, and s and a represent symmetric and anti-symmetric.

One of the interesting results of this andyss is tha tenson and wave veocity are
coupled. If asmall section of a plate is considered with dimensions, dx and dy, and atension, T,
in the x-direction, the out of plane force on the plate can be modeed by two forces, a fiffness
and atenson:

4
dF = - D‘HT W ixdy (6-243)
X

2 6-24
dF,; :TjT—Vzvdxdy (6-24b)
X

If these equations are combined and related to the acceleration of the membrane, the
result is

-D

2,
dxdy = Mdxdy 1 (6-240)

T'w T°w
7 dxdy+T P

X e
where M isthe mass per unit area of the membrane
If this equation is solved through separation of variables, one finds that the solution is:
e ] (Wnt' kn X)
w(xt) =C.e (6-25)

where
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P = period of the actuator that is oscillating the plate
N = integer representing the different modes of the device

This leads to the solution that the phase vel ocity is dependent on tension and mass:

6-26
T+%D ( )
Vp » T

As this andyss shows, the phase velocity is coupled to both the tenson and mass
dengty of the plate. This enables sensors that detect lamb waves to be sengtive to awide range
of different effects, with temperature and pressure changes being the more prevalent changes
sensed.  The advantage of using anti-symmetric lamb waves in sensors is that, on very thin
plates, they have a phase velocity that is usudly much dower than that of sound in most media
This dlows these devices to tranamit waves without disspating large amounts of energy to the
surrounding environment.  In comparison to surface acoustic waves, which disspate on the
order of 1 dB per wavelength, lamb waves have extremdy low loss mechanisms. In lamb
waves, the disturbance to the surrounding medium only extends to a distance of | /2p, which
limits the acoudticd energy loss. For an in-depth discussion of the physica properties of Lamb
waves, Reference [115] trests the material more thoroughly.

i) Modal Waves

While lamb waves have many applications in membranes, it is dso useful to excite
sanding waves on plates. A standing wave, as opposed to alamb wave, involves ostillationsin
fixed spots. These waves have maximum displacement a the resonant frequency of a device.
On a resonating plate, there will be digtinct spots cdled nodes, where vertical motion is
essentialy zero, and spots caled anti-nodes, where oscillations are maximized. The andys's of
sanding waves begins with a dynamic verson of Equation 6-18:

ﬂzW+N Tw +N 1w

NCY T
DN"W = MthW + NX ﬂXZ xy ﬂxﬂy y ﬂyz (6'27)

where
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Figure6-11: First six vibratory modesand resonant frequenciesin a squar e plate with nodal lines
shown.[54]

Nx, Ny = Normal loadingsin the x and y directions
N,y = shear loading
W ° w = AW(xy)cos(wit+q) where A isthe ostillating amplitude

To solve this equation, the boundary conditions for W must be found that fit the end
conditions. Since many square MEMS membranes are clamped on al sdes, Figure 6-11
shows the modes and resonant frequencies of these structures. For other solutions to oscillating
plate problems, Reference [54] offers an excedlent andyss of plate mechanics.

B. Failure of Membranes

As membranes can be conddered two dimensond equivaents of one dimensond
beams, they have smilar falure consderations. If Equation 6-18 is solved andyticdly, then the
stresses on the plate are determined by the equations:

Ez a&°w  °wo0
zg 7 tN—=
1-n?2&0¢ W 5

X

(6-283)

Ez &°w w0 (6-28b)
Sy=- 2 g > TN
1-n“ gy X g
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__Ez T'w (6-28¢)
Y " 1+n xqly

where z is the distance from the neutrd axis of the plate

In order to determine the maximum dress in a plate, the following relationships are dso

ussful:
2 1?wG 6-29a
- &, vzvg (6-29)
g5 0
o) 6-29b
M, =- D&ﬂ \;v: (6-29b)
a

If the bending moments are known, the stress digtribution can be calculated. Stress is
zero dong the neutrd axis and rises linearly to a maximum at the surface. This maximum vaue
is

6M 6-30a)

(5. = hzx (6-303)

o) _6M, (6-30b)
y/ max h2

This andyss can be smplified for a membrane with a uniform loading, g, and fixed
boundary conditions on dl four Sdes. These structures will have the following stresses:

_ 2
stress at center of longedge: s ., = blqu

(6-31a)

2
dressat center: s = bztizb (6-31b)

S S S S S

S S S S S S SS

The parametersa, b; and b, are functions of the plate geometry and boundary conditions, and
may be determined from the table below:
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alb 1.0 1.2 14 1.6 18 2.0 ¥
b, 0.3078 0.3834 | 0.4356 0.4680 0.4872 0.4974 | 0.5000
b, 0.1386 0.1794 | 0.2094 0.2286 0.2406 0.2472 0.2500
a 0.0138 0.0188 | 0.0226 0.0251 0.0267 0.0277 0.0284

Table6-2: Plate coefficients (four sidesfixed)™.

Solutions for other geometries and loading conditions are dso available; the reader is
referred to References [58] and [59] for additiona information.

Another area of concern in plate mechanics is the effects of internd sress upon
deflection and strength.  As discussed in Chapter 3, thin films can often have large resdud
dresses. As this stress is coupled to temperature, changes in temperature will dso affect the
output of many membrane based sensors.

A problem with udng lamb wave ostillators is that their sengtivity is coupled to a
number of different changes. Using these devicesin space gpplications will be especidly difficult
due to the fact that they are natura thermocouples. For lamb wave oscillators to have a future
in the aerospace indudry, it must be proven that they are sufficiently decoupled from many
common aerospace phenomena, such as large temperature and pressure changes, to be
effective transducers.

C. Additional Reading

Timoshenko, S. and Woinowsky-Krieger, Theory of Plates and Shells: 29 edition, New York:
McGraw-Hill, 1959.

I. A. Viktorov, Rayleigh and Lamb Waves. Physcad Theory and Applications, Plenum Press:
New York, 1967.

! The discussion on stresses on a bounded rectangular plate is adapted from work done by K. Man at JPL.

111




1. Hinges

In MEMS, there is a need for devices that can produce out of plane motion without the
limitations of atorsond spring. In these ingtances, hinges are often used.

Figure6-12: A typical hinge. (from [93])

In technica parlance, a hinge is an end condition that prevents trandation of a structure,
but dlows free rotation. Often in MEMS, flexible structural beams that have hinged-boundary
properties are caled hinges. However, since the mechanical and rdiability characteristics of
these devices are Smilar to that of structural beams, there is no need to repest that materia here.
It is enough to treat those devices as structurd beams with narrow cross sections that create
stress concentration at the interfaces with thicker beams.

This section will discuss surface micromachined non-planar hinges. These hinges can
perform a multitude of tasks. One common implementation is to use hinges to hold structures,
which were fabricated in a planar postion, out of plane. Another common use of hinges is to
bind non-planar structures together, as in the case of a cage or a box. This alows the
fabrication of extremey high aspect ratio dructures by common surface micromachining
methods. This technology has enabled multitudes of new devices, such as optica devices and
microgrippers. One of the biggest advantages of hinges is that they enable devices to be both
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thermally and dectricaly removed from the subgtrate, which limits much of the noise common to
planar sensors.[93]

A. Structural Analysis

A common hinge is depicted in Figure 6-12. These devices are Smply constructed with
only two parts. There are severa types of hinges that were initidly reported by Piger €. d. in
[93], which are represented in Figure 6-13. 6-13a shows a substrate hinge, which is
congtructed out of a pin and a staple. The pin is a structurd beam held down by the staple,
which is a curved membrane. This hinge is often used to support non-planar structures and is
fairly common in opticd MEMS technologies. The other two hinges are called scissor hinges.
They are congtructed of interlocking beams, as shown, and usudly have a wider range of
motion. Scissor hinges are usualy used to hinge released Structures to each other.  In many
gpplications, hinges are not used to support large ranges of motion, but rather are used to
support datic sructures. If the hinges are to be used in this satic mode, a layer of materid is
depogited after assembly to bond the hingesinto position.

@ (b) (©

Figure6-13 (a-c): Threebasic hingesaspresented by Pister et al [93]
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B. Reliability Concerns

One of the limitations in designing a subgtrate hinge isin desgning the pin so that it is not
wider than the alowable clearance of the staple. While thisis an easy enough issue to address
in desgn, it does provide some upper limits on the strength of the hinge.  Scissor hinges, on the
other hand, do not have limitations on the width of the beams. As a result scissor hinges are
consdered stronger structures than substrate hinges.  If the hinge is anchored in place by the
depostion of materid after the device has been assembled, the adhesive srength of the
deposited materid will determine the hinge strength.  Although Pigter et d. reported a PECVD
oxide layer that can withstand a torque of 10 nNm, this data would have to be independently
determined by individua foundries.

Another area of concern in hinged devices is the issue of assembling hinged devices.
While this is commonly done with micromanipulator stages in the laboratory setting, it may be
extremely difficult to do this on a reproducible basis on a production line. As a result,
membranes that are supported by hinges must be examined for damage caused in the assembly
process.

C. Additional Reading

K. S. Piger, M. W. Judy, S. R. Burgett, and R. S. Fearing, “Microfabricated Hinges’ Sensors
and Actuators A, Val. 33, pp. 249-256, 1992.

M. E. Motamedi, M. C. Wu and K. S. Piger, “Micro-opto-electro-mechanical Devices and
On-chip Optical Processing” Optical Engineering, Vol. 36, No. 5, May 1997.
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V. Piezoresistive Transducers

Fezoresdtivity is the property of a materia whereby the bulk resigtivity changes under
the influence of a dress fiddd. While dl materids have varying degrees of piezoresgive
responses, piezoresstors are commonly employed in semiconductor sensors because many
semiconductor materids have large piezoresstive responses.  The actud physics behind
piezoresstive devicesis dightly involved, but necessary to understanding its effects.

A. Formal Definition

To understand piezoresstivity, severd other concepts must be first introduced. For a
three-dimensiond, anisotropic crystd, the eectric fied is related to a current by athree-by-three
resstivity tensor given below.

e:'exU érl s r5l:| éxu
& u_e U8 U 32
Evu=é's o2 r4l]xgyu (6-32)
ge.q er; r, rs;g 8.t

If a Cartesan coordinate system is digned to the <100> axis, then ry, rs, and rg
become correlation coefficients, which relate the dectric field in one axis to the current in a
perpendicular direction. This leads to the result that in an isotropic conductor, such as
unstressed silicon, 1 1=r ,=r 3=r and r 4=r s=r =0. These vaues can be related to incremental
changes in resgtivity by the following equation:

er,u éru ébr,u
e uU e u g:) u
¢za &g e
&,0_&d ér,u (6-33)
& 0=gurey o
&0 &' I'4(
& .U U &0
é°n éu é ’u
&0 €0g ér.Q

To define the piezoresidtivity, al one needs to do is to reae the fractiona change in
resdivity, Dr i/r to the stresses in the crystal.  In order to do this fully, a 6x6 matrix must be
defined. But for acrydd, this matrix will exhibit the same symmetries as the crystd lattice itsdf,
which will obviate the need for many of the matrix coefficients. If the coefficients are defined as
pij, acubic crysta structure will only have three non-vanishing coefficients. For a silicon lattice,
the matrix becomes:
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T eDr4u é O 0 0O p, O 0 Lulgt » ﬂ

eDI’ eO 0 0 0 pu O ngz ﬂ
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If dl these equations are combined, it is possble to get an expresson for the dectric
fidd as afunction of Stress':

Ex=r ix+r P11S xix+r p 12(8 ytsS z)ix+r p44(|yt yZ+iZt XZ) (6-35&)
Ey = riy+r PuSyly+ Paa(Sx+S )iy +r Paalixt yz+izt «y) (6-35h)
E, = iytr PuS it Pra(Sx+Sy)ir T Paslixt iyt ) (6-35¢)

These equations clearly show that there is a direct relationship between stress and
resdtivity. It is dso important to note that materias with smal piezoresistive coefficients will
have more limited responses than those with larger coefficients. One interesting aspect of
Equation 6-34 isthat it closaly resembles Hooke' slaw. In fact, thistensor isrdating aresdtivity
drain, ingead of a mechanica drain, to the stresses upon a material. As such, thereis dso an
orientation dependence on the piezoresstive coefficients Smilar to the one discussed for the
elagtic moduli in Section 3-1A. For an in-depth discusson of this materid, Chapter 4 in
Reference [6] offers a more complete mathematica description of piezoresitivity.

B. Piezoresistive Sensors

Devices that utilize the piezoresdtive effect are designed so that mechanicd dress
occurs simultaneoudy with an event to be measured and that the diress is proportiond to the
magnitude of the event. Currently there are two kinds of piezoresstive sensors made.
Membrane sensors are manufactured to measure pressure and flow while cantilever beams
sensors are made for accelerometers.

Membrane sensors are usudly designed as a thin single crystd slicon plates supported
by athick ring. Usudly a piezoresgtor is built into the edge of the device to utilize stress
concentration.  When the membrane deforms under an externdly applied load, there will be

! This discussion assumes an infinite bulk lattice. For finite crystals there is a small correction factor due to
dimensional changes.[6]

116



dress on the piezoresstor. On cantilever beam sensors, the piezoresistor is, for Smilar reasons,
placed on the surface of the beam near its support.

If it is assumed that the mechanicd dtress over the resgtor is congtant, the change in
res stance can be given as.

DR__ .,
R SiP, +S P (6-35d)

where
S|, St =longitudina and transverse stresses
pi, Pt = longitudina and transverse piezores stance coefficients

For aresstor made of p-type materid this expression reduces to

DR_p
?—f(& -s)) (6-36)

For n-type resistors the expression becomes
(s, +s,) (6-37)

D_R:pll+p12
R 2

One important feature of these equations isthat, due to the fact that they assume uniform
dressfidds, they are only vdid for resstor szes much smdler than the membrane or beam size.

Usudly piezoresstors are configured in a Wheatstone bridge. Two resstors are placed
to measure gtress pardle to current flow, while two are placed to measure stress perpendicular
to current flow. This arrangement works so that any decrease in resstance from tensile stress is
balanced by a corresponding increase in resistance for compressive stress. This has the effect of
cregting a differentid output of opposite Sgns on each sde of the bridge. The tota voltage
change is defined as

DR
DV = Fvb (6-38)

where V,, isthe voltage gpplied to the bridge, as shown in Figure 6-14.
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Figure6-14 (a,b): Schematic representation of the position of four piezoresistors on a membrane (left) and
accompanying circuit diagram (right). The arrows represent resistance changes when the membrane
defectsin the—z direction.[6]

C. Rdiability I'ssues

One of the problems that will be encountered in usng piezoressors in highrd
gpplications is that they exhibit a temperature dependence. If the relationship between the
piezoresistive coefficients and temperature is plotted, it becomes gpparent that there is aroughly
linear relaionship between log(p) and log(T). For a generdized description, the piezoresstive
coefficient can be determined as a function of both doping concentration, N, and temperature,

T, by:
P(N,T) =p,P(N,T) (6-39)

where p isthe low-doped room temperature piezoresistive coefficient.
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P(N,T) is offered grephicdly in Figure 6-15. As can be clearly seen, a low doping
concentrations, there is better sengtivity but a greater temperature dependence. As doping
concentrations becomes greater than 10%° atoms/cnt, the temperature dependence becomes
indiscernible, but sensitivity decreases greetly. For space applications, with the great therma
ranges usudly required, these devices will dmogt certainly have to bdance the sengtivity
requirements with the temperature dependence.

1.00E+19
N (atoms/cm®)
1.00E+20

T(0)

Figure6-15: P(N,T) for nsilicon. Ascan beseen, P(N,T) convergesto a nearly uniform, albeit smaller,
value ver sustemperature at doping levels above 10° atoms/cm®.

D. Additional Reading
Sze, S. M. ed., Semiconductor Sensors, Wiley Inter-Science, New Y ork, 1994, Cp. 4.

Y. Kanda, “A Gragphicd Representation of the Piezoresistive Coefficients in Silicon”, 1EEE
Transactions on Electron Devices, Vol. ED-29, No. 1, January, 1982.
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V. Tunnding Tips

Electron tunneling is a concept that was developed in this century as an outcropping of
quantum theory. Tunneling developed from the study of the energy of an eectron in a confined
space. Basic quantum theory entails Schrodinger’ s equation, which describes a particle' s wave
function, y , by the rdation:

& 2m
N7y =-—=(E- V)Y (6-40)

where
h = Planck’s congtant of 6.62617° 10* J-s
E = totd energy of the particle
U = potentid energy of the particle
m=massof thepatice

The wave function of a paticle is usudly not as informétive as the vaue of the wave
function multiplied by its complex conjugate, y >=y "y *. This vaue represents the probability
that a particle will be in a given point in space. If this equation is solved for the case of an
eectron that is in a one-dimensona energy wel of width a, bounded by two infinite potential
energy barriers, as depicted in Figure 6-16, the solution to Schrodinger’ s equation yields:

y %0=0{x<0}

5 X &
Y 2(X) = (?izgsn ZE;HLQ {O<x<a} (6-41)
edg e ag

y “(x)=0{x>a}
where nisan integer.

This eguation shows that the electron is bound by the infinite barriers, and can never
escape from the wdl it isin. However if the barrier a a is replaced with a barrier of finite
energy and width, then solving Schrédinger’s equation shows that the dectrons will actudly
tunnel through the barrier and there will be a non-zero probability that there will be an eectron
on the other Sde of the barrier. This means that it is possble for ectrons to actudly pass
through areas in which, according to classca physics, they do not have the energy to penetrate.
It isthis phenomenon, called eectron tunneling, that is utilized to produce tunneling tip sensors.
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Figure 6-16: Probability distribution of an electron trapped in a well. The figure on the left shows an
electron bounded by two infinite wallswhile the figure on the right shows an eectron bounded by two finite
walls with afinite energy barrier, which is greater than the energy of the eectron, in the middle. Ascan
be seen, there is a finite probability that the electron will penetrate the barrier and be on the other side.
Thisdiagram roughly correspondsto thedevicein Figure 6-18.

Tunnding tips are smal pointed tips, shown below, that were initidly developed for use
in eectron microscopy. They have since been adopted by the MEMS community because the
tunndling effect is an extremey accurate way to measure displacements caused by externd
effects.

Figure6-17: Tunnelingtip on SCSbeams. (from [154])
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A. Physical Description

It has been shown that the current caused by tunneling across a narrow barrier is given
by:

| vetaf) (6-42)

where
V = hias voltage on the tip
a= 1.025 A'lev'?

f = the effective energy height of the tunndling barrier = - — TV,

al 1V x
x = the physica width of the energy barrier

This means that an eectronic circuit capable of detecting a 1% variation in a 1 nA
current from a 100 MW source would be able to detect deflections on the order of 0.003 A.
For this reason tunneling tips have dtarted to be developed for use in high data storage
gpplications and high sengtivity acceerometers.

Typicdly tunneling sensors are designed by suspending a mass above the tunneling
sensor. An externd force, which can be anything from infrared radiation to acceleration, pushes
the mass downwards, which increases the tunndling current and becomes a measurable event, as
shown in the diagram below.
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Figure6-18: Typical layout for atunneling sensor.

While tunndling sensors are among the most accurate sensors avalable in MEMS
technology, they do suffer from a number of rdiability problems[41,43]

B. Rdiability Concerns

One of the great difficulties in making tunnding accderometers is in fabricaing the
devices. The tunneling tips need to be made of a conductive surface that does not react with the
ar. While conventiond tunneling tips, Snce they operate under an Ultra-High VVacuum, can be
made from a multitude of metas, microsensor tunneling tips are much more limited in the
materids that can be used. Gold has been found to be useful in the production of sensors, but it
is difficult to create good adhesion between a gold tip and an insulating subgtrate, which is
uudly SO,. This created a need for multiple layers of adhesve materids, which cregte
processing problems and reduce yield.[42] While the fabrication of these devices is certainly
not an impossible task, they do suffer from low yidld rates.

Ancther problem that is more difficult to handle gems from the fact that the tunndling
effect is highly displacement senstive. Since, in order to get a tunnding effect, the tip must
usualy have a bias voltage, which is typicaly under 1 valt, and be within nearly ten Angstroms
of the moving mass, contact between tip and mass is unavoidable. This contact must be
accounted for in design of mechanica system and circuit. On the mechanica Sde, it isimportant
to place one of the eectrodes on a compliant support to limit the force to the tip during the
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inevitable contact. The circuit must dso limit the current during contact. If both of these
precautions are taken, the danger of tip crashes will be mitigated. For devices designed with
these techniques, crashes have occurred a low frequency operation for months with no
detectable change in operationa characteristics. However, any tunnding tip designs need to
have these issues thoroughly addressed for high-rd applications.

These devices, due to their extreme senditivity, are aso susceptible to thermal noise and
mechanicd vibration. It istypicaly these effects that limit device sengtivity and they need to be
addressed for any tunnding sensor.  There is aso eectrica noise in the measurements of the
tunneling output. [N many devices, the dectrica noise spectrum exhibits a 1/f dependence. This
noise creates an error in measurements that scales on the order of 10° A/HZ*. While this noise
is fairly inggnificant for many applications, it does provide a limit on the actud sengtivity of the
device[41]

C. Additional Reading

T. W. Kenny, W. J. Kaiser, H. K. Rockstad, J. K. Reynolds, J. A. Podosek, and E. C. Vote,
“Wide-Bandwidth Electromechanica Actuators for Tunnding Displacement Transducers’
Journal of Microelectromechanical Systems Vol. 3. No. 3, September 1994.
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VI. Electrostatic Actuators and Transducers

A. Paralld Plate Capacitors

¥, 90

areaof plate

10 EII-"i"I 20KV Qo 001

Figure6-19: Closeup view of paralle plate capacitor with the area and gap
labeled. (from[155])

Capacitors have been developed and understood for as long as any electronic device.
They are both smple to construct and understand. As such, capacitors are fundamenta to
many devices and have been used extensvely in the microdectronics industry. It has been
edimated that a modern microprocessor has anywhere between seven and ten million
recognizable capacitors in its design. A capacitor is Smply two conductive objects separated
by some distance, d, which store dectricd energy by atracting and repelling free dectrons
within the conductors. For MEMS, a prevdent capacitors design conssts of two pardld
plates, as shown in Figure 6-19.
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) Electrical and Mechanical Analysis

The capacitance of an object is defined as the amount of dectric charge that it can store
per voltage. The common mathematical expresson of a capacitor's ability to store energy or
chargeisrelated by the expressons:

q=CV (6-43a)

(6-43b)
where

g = electric charge

V = voltage

C = capacitance

U = energy

For capacitors congtructed of two pardld plates a useful reationship has been derived

that:
C= eé (6-44)
d
where

A = area of one of the plates
d = distance between the plates
e = the permittivity of the materia between the two plates

One reason that capacitors have become prevdent in MEMS is that capacitance is a
function of digance. This means that a change in distance will result in a change in capacitance,
which is a measurable event. If a cgpacitor immersed in air is assumed to have one fixed plate
and one plate that displaces a distance, x, from the rest, the capacitance can be rewritten as.

A
C= eom (6-45)

where
€ = permittivity of afree space (8.85* 10" F/m)
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If asensor isto be fabricated out of pardle plate capacitor, there is a smple method to
electricaly detect a change in capacitance. Since a current, 1, is related to the charge on a

capacitor, Q., by the equation:
. _ dQ,
(6-46)

Then using the circuit below,

+
Ve = Ve¥sin (wyt) <>

Figure 6-20: Basic circuit for detecting changesin capacitance.

a change in current will be gpproximately rdlated to a change in displacement by the

rdationship™:
ebxu (6-47)

Di, (DX) » WSVSC(d)gFH

Another useful feature of pardld plate capacitors is the fact that they can be made into
actuators. Given that aforce, F, isrelated to potentia energy by the equation:
(6-48)

F=-"

x

it is possble to derive the relationship for pardld plate capacitors thet:
g,AV?
Fz—— (6-49)
2428 - X2
e dg

This shows that an applied voltage will exert a force on the capacitor plates. It is this
electrostatic force that is used to make actuators out of pardlel plate devices.

! Thisisalinearized result that only applies for Dx<<d.
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i) Limitations of Parallel Plate Capacitors

While parallel plate capacitors have good actuation and sensing ahilities, they have some
severe limitations.  The greatest drawback to using these devices is that they are non-linear.
While they can be treated as linear for smdl displacements, for large motions, pardle plate
capacitors clearly exhibit non-linear behavior.

One of the dangersin these devices is the potentid of the plates touching. As discussed
in Chapter 3, when two meta surfaces come into contact, adhesive forces exert a strong bond
that usudly causesfalure. This problem is especidly prevdent in pardle plate devices because
of the non-linear force that increases quadraticaly with distance. A common design rule used is
that, if Dx 3 1/3 d, the device will usualy have sufficient force to transverse d. To prevent this,
pardld plate devices must be designed to displace much less than this amount.[10]

Pardle plate capacitors could aso be susceptible to dectrogtatic discharge. An ESD
would have a smilar effect as agpplying a ddta function to the device. If the voltage spike is
large enough, it could induce gtiction by bringing the plates into contact. Unfortunately the scant
research into ESD in MEMS has not provided any concrete data on the effects of ESD on
pardle plate capacitors and these theories have not been experimentaly verified.

iii) Additional Reading

W. S. Trimmer, K. J. Gabrid, and R. Mahadevan, “ Silicon Electrostatic Motors’, Transducers
'87, The 4™ International Conference of Solid-State Sensors and Actuators, pp. 857-860,
June 1987.

W. S. Trimmer and K. J. Gabrid, “Design Congderations for a Practical Electrostatic Micro-
Motor”, Sensors and Actuators, Vol. 11, pp. 189-206, 1987.
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B. Comb Drives

Figure6-21: A standard comb drive. Thearrow pointsto a particulatethat landed
on one of the electrodes.

Due to the problems discussed with making dectrogtatic pardld plate actuators, there
have been attempts made to make devices that utilize eectrogtatics to produce motion while
eliminating the relationship between force and distance. The most common device made to
accomplish thisis called a comb drive because of its overal comb-like gppearance, as seen in
Figure 6-16. Comb drives operate by using fringing fields to pull one set of the drive into the
other. Actuation occurs in one dimension only and the equations of motion are derived in the
next section.

i) M echanical and Electrical Analysis

Essentidly comb drives are composed of multiple structurd beams and, as such, they
are not difficult to andyze. As shown in the picture, there are two sets of interdigitated
eectrodes. Generdly one of them is fixed while the other is mobile. The force generated by a
voltage is described by:
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e bV?
== (6-50)

where b isthe verticad height of the cantilever beams.

++++++++++
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Figure 6-22; Overhead view of basic unit of acomb drive.

This equation shows that the force produced by this device is independent of the
displacement of the middle electrode. As a result, comb drives are among the more common
actuators in MEMS. The other fact that makes comb drives appedling is that n comb drives
produce a force equal to i F. This smple scaling makes it possible to produce macroscopic
forces on the MEMS scale. It is not unreasonable to manufacture an array of comb drives to
produce upwards of 30 Newtons with as little as 10 volts applied to the eectrodes[10] While
these agpects of comb drives are quite gppedling, there are dso some serious limitations to their
performance.

i) Limitationson Design

One of the problems with comb drives illustrated by Figure 6-22 is that there is one
electrode. For argument’s sake, assume it to be negatively charged, surrounded by two
positively charged electrodes. While the forces on the eectrode are baanced by the equa
gpacing of the two gaps, clearly any perturbation of the center dectrode will cause an offset of
the forces and pull the eectrode to one sde or ancther. In engineering terms, the comb drive is
an inherently ungtable sysem. To combat this problem, severd steps must be taken in the
design to insure that the device does not fail at the firgt vibration. Since stability problems are
problems in energy storage, the key to designing a stable comb drive is to design it to ore
more energy in the y direction than in the x direction. To make U, >> U, the following
condition must be met:
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$kd?>> k| 2

(6-51a)
where
ky = spring congtant in the'y direction
ky« = spring congtant in the x direction
l, = The length of the electrode
which means that:
| 2
k, >> ? K, (6-51b)

Thisisillugtrated in Figure 6-23.

While thisis hardly an exact answer to the problem of stability, this solution does lend it
some formdism. For high-rel gpplications, a large safety factor will have to be included to
guarantee that the comb drive does not fal due to surface contact. If a comb drive is not
entirdy dable, it is possble for the drive to not completdy fail but ingead enter into chaotic
oxcillatory modes.  While this phenomenon has applications in encryption, it is usudly an
undesirable event.

Figure 6-23; Overhead view of comb drive structurewith spring
constantsand dimensions labeled.

Anather limitation on comb drivesis that they are typically limited in the amount of work
they can do. With a maximum displacement of |, and, with |, being kept to a minimum due to
Equation 6-51, comb drives are just not cgpable of producing large scae motion. While this
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problem can be designed around to a degreg, it is nevertheless a serious limitation to comb drive
usage.
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Figure 6-24: An example of the damage that resultswhen two comb drive electrodes
comeinto contact and short out the device.

An area that is dso important to consder in comb drive operétion is the effects of
paragitic capacitance with the subdrate.  Since the comb drive is a fairly large conductive
surface suspended over another large conductive surface, there is a consderable paragitic effect
between the substrate and the drive.  While this effect can be used to produce out of plane
torsond microactuators, it is often an undesirable sde effect of the comb drive design. It is
posshble to have such a large parasitic motion that the comb drive will actudly touch the
substrate, which will lead to the adhesion and possbly shorting problems. In a sound design,
the comb drive should be far enough removed from the substrate that the parasitic capacitance
will not cause diction.

Particulates can aso be problematic in comb drives. Conductive dust particles can
eectricaly connect parts of a comb, which will short them out, producing catastrophic current
flows. Comb drives could aso be susceptible to eectrostatic discharge. An ESD would have a
amilar effect as goplying a deta function to the device. If the voltage spike is large enough, it
could induce diction by bringing the plates into contact. Unfortunately there is no published
information on the effects of ESD on comb drives, which means that evauating the ESD
tolerance of adesign is not yet possible.
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iii) Additional Reading
W. C. Tang, T.-C. H. Nguyen, and R. T. Howe, “Laterdly Driven Polyslicon Resonant
Microstructures.” Proceedings of |EEE Microelectromechanical Systems, February 1989.

W. C. Tang, T.-C. H. Nguyen, M. W. Judy and R. T. Howe, “Electrostatic-comb Drive of
Laterd Polyslicon Resonators’ Transducers '89, Proceedings of the 5" International
Conference on Solid-Sate Sensors and Actuators and Eurosensors |11, Vol. 2, pp. 328-
331, June 1990.
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(6-32)
C. Micromotors

A mgor area of research in MEMS in the past decade has been into the design and
fabrication of micromotors.  There are multiple kinds of micromotors being designed today.
While most of these devices are dectrodtaticaly driven by sde eectrodes, as illustrated by
Figure 6-25, there are aso a number of other designs being implemented. However, for the
sake of brevity, this discusson will be limited to dectrogaticaly driven micromotors. The
section on rdiability will have implications to less conventional micromotors.

Figure 6-25: Electrogtatically driven micromotor. (from [22])
) Electrostatic Motor Analysis

Electrogtatic micromotors utilize variable capacitance in a fashion somewha smilar to
other dectrogtatic devices previoudy discussed. The main difference is that micromotors are
typicaly driven by severd different sets of drives, or stators, that are switched on and off to
produce atorque. Thistorque isafunction of the rotation angle of the drive][22]

(6-52)

Micromotors have a naturd operating frequency, which is determined by the magnitude
of torque applied to the motor. For amotor similar to the one depicted above, this frequency is.

2

Vo4 ]
Fo(V,) = LB 2 kHz (6-53)
100,
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where V, is the phase voltage gpplied to the stators. This leads to an equation for the maximum
rotational speed of the motor, Wiax:

. 240f,, om (6-54)
n

where n is the number of steps per revolution determined by*:

1
n =
el 19 (6-55)
& 15

where n; and n are the respective numbers of stators and rotors.

These motors can be ether used as microstepper motors or can be operated as a
continuoudy rotating motor. While the actud design and fabrication of these devices varies
depending upon agpplication, most eectrostatic motors are governed by the above physica
laws.[22,23]

i) Harmonic Motors

Harmonic motors are a kind of motor that utilizes the rolling motion of two bodies with
different crcumferences. Typicdly a motor contains a cylindricd hole, with a dightly smdler
cylindrica rotor. These motors have a tribologica interest as they utilize ralling ingtead of diding
friction, which eiminates many of the wear concerns common to other motors. Furthermore,
since the stators and rotors are designed to touch in these devices, large amounts of force can
be generated.

Using one of the origind harmonic motors as an example, there are some basic facts of
motor operation that are fairly common to al harmonic motors. If the stators are cycled & a
frequency of ws, thenit is possble to determine the steady state frequency of the harmonic
motor, w;:[87]

_ &R 0
RS T (6-56)

where R and R are dimensons defined in Figure 6-24.

! This derivation assumes adrive signal described by Y. —C. Tai et al. in[22].
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Figure 6-26: A basic harmonic motor layout. (from [88])

The unsymmetrical nature of the roll causes the rotor to effectively wobble ingde the
gator. One reliability concern of wobble motorsis that the direct contact of the stator and rotor
raises questions about stiction.

i) Microbearing Reliability Concerns

The biggest rdiability concern for micromotors is the motor's connection to the
subgtrate. Since the rotors must be supported on bearings, there is concern about the long term
reliability of these bearings. It has been shown that, over time, there will be wear on the
bearings caused by the frictiona forces from the substrate.  The wear on the bearings will
increase the frictiona force on the bearing, requiring higher driving voltages, which will further
increase wear.  This positive feedback loop will quickly lead to total device degradation. The
only effective method to mitigate wear on bearings is to salect wear- resstant materias.

In most macroscopic devices, liquid lubricants are used to prevent direct metdlic
contact. However, in MEMS, it isfdt that liquid lubricants will not be in generd use due to the
fact that viscous friction forces are large compared to other frictional forces on micrometer
scdes[19] While recent research has raised the possibility of using gas phase lubricants to
reduce wear, these solutions involve extremely high temperature operations and are unlikely to
be practica.[151] Instead, bearings are usualy operated dry at ambient temperature, with
direct contact made between dtructures. There have been studies conducted on these
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conditions and it has been found that different materias respond, as would be expected, in
digtinct ways to wear.

Severd studieq19,153] indicate that sngle crystd sliconis moderatey well suited as a
bearing materid. During initid burn-in, the rough points in a bearing will fracture off, leaving a
smoothed surface that shows little wear over time. As a result, the wear on silicon decreases
with time. Polyslicon shows moderate wear properties and is a suitable, athough not ided,
bearing material. As would be expected, SsN4, and SO, exhibit poor bearing characteritics.
They show linear wear that leads to total falure. Diamond-like carbon is a materid that has
shown promise as a bearing materid and may eventudly be used as a coating on many SCS and
polysilicon structures that have large contact stresses. While the exact characteristics of bearing
wear are dependent upon the materids involved and the environment in which they dide, agood
rule of thumb isthat wear is minimized by usng dissmilar hard materids

Another problem associated with wear on microbearings is thet, for dectrostaticaly
driven gructures, forces on the device will be a function of the device height, and thus bearing
height. Many devices place rotors above stators in order to have a non planar component of
force to partidly levitate the rotor. As the bearings wear, the eectrode distance would
decrease, which would cause forces to increase quadratically. This increases wear and dters
drive performance. This behavior acceerates falure and leads to total device collapse.
Ultimately, the contact morphologies of microbearings are the limiting factor in micromotor
performance and, as such, they need to be well understood for high-rel applications.

iv) Additional Reading

Long-Sheng Fan, Yu-Chong Ta, and Richad S. Muller, “IC-Processed Electrogtatic
Micromotors.” IEEE International Electronic Devices Meeting, December 1988.

Y u-Chong Tal, Long-Sheng Fan, and Richard S. Muller, “IC-Processed Micromotors: Design,
Technology, and Testing” Proceedings of IEEE Microelectromechanical Systems, February
1989.

U. Beerschwinger, D. Mathieson, R. L. Reuben, and S. J. Yang. “A study of Wear on MEMS
Contact morphologies’ Journal of Micromechanics and Microengineering, 7 September
1994.

S. C. Jacobsen, R. H. Price, J. E. Wood, T. H. Rytting, and M. Rafaelof, “The Wobble Motor:
An Electrodatic, Planetary Armature, Microactuator” Proceedings of |EEE
Microelectromechanical Systems, pp. 17-24, February 1989.
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VIl. Magnetic Actuators

Magnetic actuators are a dass of devices that, as their name implies, utilize magnetic
fields to provide force. While creating magnetic fields on semiconductor devices is intringcaly
more difficult than creating eectric fields, the potentid benefits of magnetic actuators has spurred
the devdopment of these devices. Due to the physics of magnetics, magnetic devices are
capable of producing grester forces than eectrostatics. Combined with the ability to apply
force through a conductive medium, such as dectrolytic fluids, these factors make magnetic
actuators a promisng fidd within MEMS[15]
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Figure6-27: A magnetic actuator designed by Judy et al. (from [15])

There are severa common methods employed in MEMS to make magnetic actuators.
A magnetic fied can be described from Maxwdl’ s equations.

~ ap o, &ofE
N B=¢c—+J)+c—+— _
g Cg ecgft (6-573)

N:B=0 (6-57b)

where

139



B =magnetic fidd

¢ = the gpeed of light
E = dectric fidd

J= current density

These equations show that a magnetic field can be produced ether by a constant current
or by atime varying dectric fidd. While there are multiple methods to cregte one of these two
effects, the smplest way to create an actuating magnetic fied is through a loop of wire, as
shown in Figure 6-20. For these actuating fields to create motion, the actuator requires a
dructure that is influenced by the magnetic fiddd. The two most common Structures that will be
actuated in amagnetic fied are those with current loops on their surfaces and those coated with
magnetic films, such as ferromagnetic and diamagnetic materids. In ather case, the interaction
of the two magnetic fields creates an actuating force that then moves the Structure.

As with many of the technologies within MEMS, magnetic actuators are being
developed in amyriad of ways by different groups around the world.  Since magnetic actuators
have not become as standardized in MEMS as dectrodtatic actuators, it is difficult to discuss a
typical magnetic actuator. For this discussion, asmple actuator developed by Judy et d. will be
discussed to give an example of the forces a work within amagnetic device. This device, which
is shown in Figure 6-27, uses a ferromagnetic plate influenced by a loop of wire integrated into
the substrate.

ERASTRE

Pl :
i ! field T . °} '
| Muggnetic 1 g AN ‘

Field

Easy AXis
L J
F

.mﬂ'.ﬁ Oirizzinal
Easy-Axis

Diraction

i
f
f
i
H
-
b Relaxed
' Position

Torsacn
Bar

Figure 6-28: Diagram of forcesacting on soft magnetic plate. (from [15])
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A. Mechanical and Electrical Analysis

For this non-planar magnetic microactuator, the rotationd deflection is a function of the
magnetic fidd, H, and the giffness of the torson bar, k. Assuming that the magnetic fidd
remains perpendicular to the origind orientation of the plate, the torque produced by the
magnetic fidd, Traq is defined by:

Thietg = VinagM (H 4. + H . Sn( 2pft) cosf ) (6-58)
where
M = net magnetization vector
Vmag = Magnetic volume
Hae, Hae = magnetic field from respective dc and ac sources
f = ac current frequency
f =angle plate rotates from rest.

To determine the actud mechanicad response of the plate, it is necessary to use the
dynamic torsona mode of

I +Cf +kf =Ty (6-59)
where
Cf = dampening coefficient = %
J= polar moment of inertia of the magnetic plate
Q = qudity factor

To determinef as afunction of time, Equation 6-59 must be solved. This can be done
ather andyticdly or numericaly, dthough the andytic solutions might be difficult to obtain. In
order to do either, M must be defined, which is done below:

M :m)(J_rHC+Ha)
N

(6-60)

M

where
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H. = coercive fidd of the magnetic material under torque
H. = applied field ~ H* cos(90-f )

Nnm = shape-anisotropy coefficient of the plate

my = permesbility of free space (4p* 10° H/m)

The net result of the forces is that the plate will oscillate in the time varying magnetic
fiddd. While these equations give a basic description of the motion of a ferromagnetic platein a
magnetic field, other magnetic materids will have different responsesto amilar fields. Dueto the
fact that the exact internd effects of magnetic devices extend beyond the scope of this guideline,
an interested reader should examine the references listed at the end of the section to gain amore
detailed description of the physics of these devices.

B. Reliability Concerns

There are some basic problems with using magnetic forces in MEMS that need to be
understood. An inherent drawback to magnetic devices is that they scale poorly into the micro
domain. In order to scde adevice effectively, certain quantities must be held constant while the
physica dimengons of adevice shrink. If three basic quantities of current dengity, heat flux, and
temperature rise are consgdered to be held congtant during scaling, it becomes gpparent that
there are serious limitations to micro-magnetic actuators.

If current density is held congtant while scaling a device, then a wire with an order of
magnitude drop in the cross sectiona area will have an order of magnitude drop in current.
While this results in a congtant hest generation per unit volume, it will, for awire- generated field
operating on a permanent magnet, result in a drop in force of three orders of magnitude. While
thisloss can be dightly offset by the fact that smaller systems are better a conducting heat away,
clearly this method of scding severdly limits the effectiveness of micro-magnetic actuators.  If
instead the heet flux per unit of surface areafor awire is constant during scading, current dendity
scales according to the inverse square root of the change in heat flux, so that, for an order of
magnitude drop in cross sectiond area, there will be an increase in force on the order of 2.5
orders of magnitude. This scding is limited by the maximum dlowable temperature on a device
and is dso not a desrable method to increase force as dimensions decrease. If the system is
scded to limit the temperature difference, it is possble to have a two order of magnitude
increase in force. However, this comes a the expense of an increase in current dendty, which
makes the device much less efficient, which may not be acceptable for many gpplications. Thus,
magnetic devices cannot scde into the micro domain without sacrificing ether force, operating
temperature, or efficiency, which is a serious limitation.[55] As a result, any magnetic actuator
desgn must be verified to insure that it meets the design requirements without unacceptable
temperature disspation or power |0sses.
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Another issue to consder in usng magnetic actuators aboard spacecraft is the presence
of spurious magnetic fidds. Since modern spacecraft employ an array of electronic devices that
create magnetic fidds, these devices can be unintentionaly actuated by nearby devices. A good
model of the magnetic fidds in a spacecraft, which is usudly developed by the systems
engineers, will determine the risk leve for paragtic actuation.

C. Additional Reading

R. E. Pdrine, “Room Temperature, Open-Loop Levitation of Microdevices Using Diamagnetic
Materiads’, Proceedings of IEEE Microelectromechanical Systems pp. 34-37, February
1990.

R. E. Pdrine and |. Busch-Vishniac “Magneticdly Levitated Micromachines’, |IEEE Micro
Robots and Teleoperators, November 1987.

J W. Judy and R. S. Muller, “Magnetic Microactuation of Torsgona Polyslicon Structures”
Sensors and Actuators A, Physical, Vol. A53, Nos. 1-3, pp. 392-397, 1996.

J W. Judy and R. S. Muller, “Magneticaly Actuated, Addressable Microstructures’, Journal
of Microelectromechanical Systems, Vol. 6, No. 3, September 1997.
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VIIl. Thermal Actuators

Therma actuators are a class of devices that utilize heating to produce forces and
deflections.  These devices operate through the use of heat transport to rapidly change a
device's temperature.  Since MEMS devices operate on such small scdes, it is possble to
create devices with quick response times, as heat trangport occurs in scales often measured in
microseconds.  While some objections may be raised to the power disspation implicit with
these devices, they offer a ampler dternaive to many eectrodaticaly and magneticaly driven
devices.

A. Bimetallic Strips

The mogt prevaent thermaly actuated devices in MEMS are structures constructed out
of layered maerids. These thermd actuaors utilize the bimetdlic effect found in common
household thermometers. There have been a number of arguments made for the advantages of
bimetdlic actuators. Since there is a direct coupling between disspated power and beam
deflection, the actuators can operae a low voltage levels. Combined with the ability to
produce a force that is independent of displacement, thermd actuators have piqued serious
interest and have been developed independently by a number of researchers,[150]

B. Mechanical Analysis

Figure6-29: Sideview of two metallic stripsa and b bending dueto temperature stress.
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In these devices, two materids, often S-S0, or Si-SikN,4 are sandwiched together. As
the device heats up, the differing changes in length caused by mismatched thermd expansion
coefficient create stresses at the metdlurgica junction, which bends the device. Figure 6-29
illugtrates a bimetalic strip made of two cantilevered beams of lengths | that are exposed to a
temperature change, DT.

The converson factor g, relates a temperature change, DT, with a deflection at the end
of the cantilever, d, by:

d =gDT (6-61)

If auniform heat digtribution is assumed with the beams, then the converson factor can
be approximated for | <<r as

|2

2rDT (6-62)

g:

wherer isthe radius of curvature of the beam:

7 2 Eha’ | Eba
—\a + -2t + +
_22%72) Eba, Eba 663

3 (al - az)DT(ai+a2)

where a isthelinear coefficient of thermd expansion.

A doser mathemaicd andlyss of this equation will show that it is minimized when the
cantilever beams have identical values of b and a. For these beams, the deflection is given by:

& 1+c?

r= a 5+
3(a1— az)DT c

(6-64)

Ql-I1-O:

E,

wherec istheratio —=.
2

Since the absolute width of a structure does not influence bending, the smalest radius of
curvature, and thus the grestest deflection, will occur if (a;-a,) and | ae maximized, while ais
minimized. The smplest method to accomplish this comes through dtering | and a, as there are
only a few materids, and accompanying therma expanson coefficients, to choose from in the
semiconductor industry.[149]

As this derivation shows, the displacement of the drip is directly related to a change in
temperature. There are several ways to induce temperature changes. One common method is
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to apply an dectric current through the beam. The power disspated by the current flowing

through a resstor will produce a DT. The amount of energy needed to raise temperature is
determined by the heat capacity of the cantilever beams. In dtatic operation, it is desirable to
reduce dl the dimensions of the actuator so that there isless thermad loss. In dynamic operation,

as is the case for a high frequency switch, it is more useful to have larger surface areas with a
greater heat exchange and a corollary increase in switching rate.[52]

C. ShapeMemory Alloys

Shape memory dloy, or SMA, actuators are variants upon therma actuators that use
the shape memory dloy effect, which was first discovered in 1938 by Alden Greninger and
V.G. Mooradian.[56] Materias that experience the SMA effect undergo reversble phase
transformations. Below some critica temperature, the materid is in the martensite phase and
will easly deform. Above this temperature, the materid changes to the augtenite phase and
begins to exert strong forces trying to restore to its origind shape.

In the early 1960s, two researchers at the Nava Ordnance Laboratory discovered that
the dloy NiTi can have a phase trangtion that is a function of aloying content and varies
anywhere from -50 to 166°C. Since this materid, nicknamed nitinol, for Nickd Titanium Nava
Ordnance Laboratory, has superior mechanica properties, it is the materia of choice in modern
SMA research. While there are anumber of gpplications of SVIA materids, they dl share some
basic commondities[145]

A typica SMA usesanitinol wire connected to a heater which, as previoudy discussed,
can easly be a current flowing through aresstor. The materids properties of nitinol have been
investigated and show the expected temperature dependence.

Properties NiTiat 23°C  NiTi at 110°C
Young's Modulus 33.4 GPa 34.9 GPa
Linear Strain (at 10N) 1.6% 1.56%

Ductile Yied 20-30% 19-30%
Tendle srength 1.05 GPa 962-.1.7 GPa
Resdivity 4400W/cm 4400W/cm
Linear coefficient of expansion 1.5 10°°C* | .34 10°°C*

Table6-3: Propertiesof nitinol at different temperatures.[57]

The actud design of shape memory dloys varies wildly with gpplications. Studies have
shown that nitinol springs can develop stresses in excess of 200 MPa. While these forces are
impressive, SMA are not common MEMS devices and due to concerns discussed in Section C,
may not see integration into space environments.
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D. Reiability Issuesfor Thermal Actuators

One problem with making bimetdlic thermd actuators is that they induce large Stresses
in the devices. These stresses can cause serious problems for long term reliability. It is not
entirdy clear how the interfaces that slicon forms with other materids will behave under
repested stressing and unstressing.  Since these therma actuators operate by stresses materids
interfaces, there is an increased chance of fracture a this interface, which can lead to
delamination. There is ds0 an issue of long term thermd fatigue. Some of these devices are
heated to above 800 °C and cooled to ambient temperature within the span of severd tens of
microseconds,[137] which could cause sgnificant fatigue. The long term effects of thiscyding is
an issue that needs to be addressed in high-rel therma actuators.

Therma actuators are aso frequency limited. The response of the actuator is governed
by the timeit takes for heat to convect and radiate away from adevice. If the quantity 1/f isless
than the time it takes a device to disspate heet, oscillatory behavior will effectively stop, as
illustrated in Figure 6-30. This causes some interesting concerns for the space environment, as
there is no convective heet transfer in avacuum. Thus the time required to dissipate heat should
be sgnificantly dower than it isin terrestrid goplications.
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Figure 6-30: Mechanical response asa function of frequency for athermal actuator. (from [117])

Thetime, t, required for abody to cool can be modded by summing the sources of heat
energy and equating them to the sinks. For a body radiating heat and having no convective
trandfer, this results in the equation:[156]

mc%—{ =S &, A(T ‘- To“) (6-65)

Sp = Stefan-Boltzmann congtant (5.67° 10-8 W/n-K*)
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€n = emissvity of the materid
A = the surface area of the materid
To = initid temperature

By solving this equation, it is possble to get a limit on the time it takes for a radiaive
meass to cool, which indicates the frequency limit of a thermd actuator operating in the vacuum
of space.

Shape memory dloys have problems unique to their structures. Since these dloys are
usudly made of ductile materids, they experience wear and fatigue a much faster rates than
brittle materids.  While they can withstand dress in the range of a 1 GPa, the lifetime and
reliability of these devices @ these dresses is unauitable for long-term operation. If high
reliability and millions of temperature cycles are desired, then nitinol should be Stretched from its
memory state only afew percent and should not exceed a couple hundred MPa of stress.

Another concern with these devices in gpace gpplications is inadvertent heating. Since
most spacecraft experience wide temperature swings from periods of full solar exposure to
eclipse, these devices will ether have to have active on-chip therma control or be in a well
thermally regulated part of the spacecraft. Otherwise there could be disastrous implications in
using thermd actuators in the space environmen.

E. Additional Reading

W. Rieghmiller and W Benecke, “Thermdly Excited Slicon Microactuators’ IEEE
Transactions on Electron Devices, Vol. 35, No. 6, June 1988.

P. A. Neukomm, H. P. Bornhauser, T. Hochuli, R. Paravicini, and G. Schwarz, “ Characteristics
of Thinwire Shape Memory Actuators’ Transducers '89, Proceedings of the 5"
International Conference on Solid-State Sensors and Actuators, Val. 2, pp. 247-252, June
1990.
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I1X. Piezodectric Actuators

Piezodectric materids exhibit motion under an applied dectric fidd. The piezodectric
effect has been wdl researched and understood for many years and the MEM S community has
used piezoelectrics to build devices that produce strong forces with smdl actuation distances.

A. ThePiezodlectric Effect

Piezoelectricity determines the digtribution of the eectric polarization and demondtrates
how a piezodectric field reacts to an dectric stress by emitting depolarization waves[6] This
polarization field islinearly related to mechanicad strain in certain types of crystas, such as quartz
and GaAs. When the crygtd is in equilibrium, strain is balanced by interna polarization force.
However, when equilibrium is offset by externa mechanica dress or by an externa dectric
field, the emitting depolarization field will cregte a force to restore interna equilibrium. As a
result, an externdly produced dectric field will cause a displacement and an externdly produced
mechanica stresswill creste an dectric fied.

Since the piezodlectric effect couples mechanica and dectricd fidds effectively, it has
been researched in a multitude of materids. In 1910, Voigt showed that there were 32 classes
of crydds that exhibited piezoelectric properties, and he measured coupling coefficients for
these. In MEMS, the most common materids used are crystdline SO, (Quartz), ZnO, AIN,
and PZT.

Figure 6-31: Diagram of a piezoelectrictransducer (after [106]). An applied voltage causesthe
piezoelectric material to expand, which drivesthe structure.

149



B. Piezodectric Devices

Piezodlectric devices can be constructed out of a number of different structures. A
common implementation of piezodectrics is to produce a piezodectric mass and connect
electricd leads to it, as shown in Figure 6-25. The extenson and contraction of the
piezodectric bar is governed by the equation:

D= Ere (6669

T=ce+eE (6-660)

where
E =thedectricfidd
D = dectric digolacement at equilibrium
€. = dielectric condtant & zero strain
e = isthe piezodectric stress constant
e = mechanicd sran
T =externally applied stress
Ce = dadiic diffness at equilibrium

S0, dearly, the mechanicd displacement in this structure is coupled to the gpplied
dectric fidd. One limitation of piezodectric devices is that the actuation distance is usudly
smdl. Since piezoelectric devices operate by inducing adrainin acrystd, it would be extremdy
unusua to digplace a piezodectric device more than afew percent of itstotal length.

Piezodectric devices are dso commonly used as sensors. Since piezoelectric maerids
are dectromechanicaly coupled, these devices can be used in much the same manner as
piezoresstive dements, with srain being converted into a change in current instead of a change
in resgivity.

C. Reliability I'ssues

Piezodectric devices operate by inducing stress in a materid. As such, they should be
treated as structura devices and be analyzed for dtress didtributions to prevent fracture. The
difficulty with dructurd andyss in piezodectric devices sems from the fact that piezodectric
materids have unusua crysta structures. Quartz, for example, is arhombohedra structure with
nine individud dastic condants. For these materids Y oung's modulus and Poisson's ratio will
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exhibit less symmetry than cubic crysds While the andyses for these materids is not
intractable, it is not as straightforward asiit isfor cubic crystas.

Piezoelectric devices dso generate a condderable heat. Since these devices are
subjected to mechanica stresses and have sgnificant dectrica losses, there is heat trandfer
acrossadevice. For arectangular piezodectric actuator driven at a frequency f, there will be a
change in temperature, DT, determined by:[116]

k(T)A (6-67)
where
K(T)=s e, (T2 +T2)T+T,)+h,
h, = the average convective hest transfer coefficient (6-30 W/n-K in air)

u = loss of the materid per cycle
A = surface area of the piezodectric actuator

Ve = effective volume of the piezodectric actuator (volume of the materid not at
equilibrium)

This hegt production will stress a materia and will dso limit the performance of adevice.
Piezodectricity is dso, like piezoresstivity, temperature sengtive. As such, the heat generation
must be consdered in determining the religbility characterigtics of a piezodectric device[116]

D. Additional Reading

J W. Judy, D. L. Polla, and W. P. Robbins, “Experimenta Modd and |C-Process Design of a
Nanometer Linear Piezoelectric Stepper Motor” Microstructures, Sensors and Actuators,
DSC-Val. 19, pp. 11-17, November, 1990.

K. Ikuta, S. Aritomi, T. Kabashima, “Tiny Slent Linear Cybernetic Actuator Driven by
Pezodectric Device with Electromagnetic Clamp’, IEEE Proceedings Microelectro-
mechanical Systems, pp. 232-237, February 1992.
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Chapter 7: Finite Element Analysis and Applicationsto
MEMS

J. Newdl , K. Man, and B. Stark

The design and devdopment of MEMS is a chdlenging task, requiring substantia
investment in capita equipment and plant facilities. For such investments to be fruitful, MEMS
engineers must have the capabiility to fully characterize the inner workings of these devices, in
order to predict temperatures, stresses, dynamic response characterigtics, and possible failure
mechanisms. Reativdy smple hand calculations can often be performed for such analyses,
particularly when conddering planar or beam-type geometries subject to the influence of
temperature, applied force, or pressure loads. These analyses were presented in the preceding
chepter for individua devices. The finite dement method provides a convenient tool for
conducting more complex analyses, and will be discussed in some detall.

In finite dement andlys's, the structure to be andyzed is discretized into smdl dements,
esch having an associated stiffness matrix. Severd finite eements have been developed to
represent common  sructures, including quadrilateral plates, triangular plates, solid brick
edements, and beam dements. For each such dement, the diffness matrix is sored
mathematicdly in alookup table, in the form of fundamenta equations. When problem-specific
parameters such as dimensona coordinates, the materiad eastic modulus, Poisson's ratio and
dengty are put in these equations, the local stiffness, as represented by one eement, is uniquely
known. When a dructure is fully discretized, or meshed, into many such dements, its globa
diffness can be assembled, again in the form of a matrix, from the combined stiffnesses of dl the
interacting dements. If aforce or set of forces is subsequently applied to the structure, the static
displacement response can then be caculated by inverting the globa gtiffness matrix, asfollows:

{A={kH{xt P {x} ={F{K"
where {F} = applied force vector (7-1)
{k} = dtiffness matrix
{x} = displacement vector.

This basic concept can be usad in the solution of many problems involving a variety of
goplied loading conditions, including externdly applied datic forces, pressures and
temperatures. Severd example cases of such analyses are provided below.
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l. Heat Transfer Analysis

Finite dement models are often used to study the heat transfer characteristics of a
device, to understand where and how hest is rgjected as well as the transent and steady-State
temperature distributions. Figure 7-1 shows such a finite dement mode of an advanced hybrid,
where unpackaged die are bonded to a chip carrier substrate.

Figure 7-1: Hybrid device with cover removed.

When the device is powered, the die rgect a known amount of power. The
temperature increase through the stack of materias from the top of the chip to the bottom of the
package is evauated, dong with the temperature digtribution within the various layers.  This
identifies any potentid limitations due to adhesve or didectric materid sdlection.

Another example of a heat trandfer andysis is illustrated in Figure 7-2, which shows a
solid modd of a substrate-mounted die. In this modd, the die is bonded to a subsirate with an
adhesive, and the subgtrate is in turn bonded to a steel header. When the die-generated heat
flux is applied to the modd, the Steady date temperature distribution, shown in the figure,
occurs.
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Figure 7-2: Substrate mounted die.

This modeling can be applied to ad in MEMS design. One example of thiswas donein
the development of a microisolation vave for future spacecraft propulson sysems. To do this,
amode was created to study temperature distributions in a channel barrier upon application of
device power. The geometry of Figure 7-3 was used to create the mode of heat distribution,
which was andyticdly loaded with a known power input. The finite dement andyss resulted in
Figure 7-4, which shows temperature ditribution at discrete locations on the valve,
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Figure 7-3: Channel barrier schematic.
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Figure7-4: Temperaturedistribution in channe barrier.

. Thermal Stress Analysis

Finite e ement modding can dso be used to mode thermal stress. Figure 7-4 shows an
etched recess in dlicon, part of another micropropulson system, which is used to reduce heat
loss into the structure by creating a thermal choke near the edge of the hester trips. The therma
and structurd finite dement models used to assess the heat |oss associated with the geometry of
the Structure are shown on the right. They show a dramatic reduction in heat 1oss by decreasing
the cross sectiond area through which heat flux occurs and by increasing the heat conductive
path. However, there is a limit to which the bridge thickness can be reduced without
compromising its sructurd integrity.  Through these gpplications of finite dement andyses, it is
possible to obtain a nearly optimum design.
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Figure7-5: Finite element model of a vaporizing liquid microthruster.

1. Thermal Fatigue Stress Analysis

Ancther gpplication of finite dement andyds is examining the effects of thermd fatigue.
When sructurd members are subjected to repeated loading, failure can occur a stresses
sgnificantly lower than the ultimate tensile strength of the materia, as discussed in Chapter 3. In
afatigue Stuation, the designer or engineer would generdly like to predict the number of cycles
a member can endure prior to falure. A widely used technique for such predictions is the
Coffin-Manson relation:[60]

%:%(mf)b re; 2N, ) (7-2)
where

De isthetotd cydic strain excurson,

s¢ isthe fatigue strength coefficient,

2N¢ isthe number of load reversdsto failure,

b is the fatigue strength exponent,
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e¢ isthefatigue ductility coefficient,
c isthe fatigue ductility exponent.

The four fatigue parameters s ., e, , band ¢ must be determined from experimental

cycle test data, and are documented in the literature for many materiads. The usefulness of this
equation comes from the fact that, when the cydlic strain excurson, eastic modulus and four
fatigue parameters are known, the number of load reversalsto falure 2N; can be calculated.

This andlyss can be fadilitated through finite dement modeling, and an example of the
therma stresses occurring in microglectronic device viasis offered. The viais an duminum trace
embedded in a parent slicon subgirate, which serves as a conductive path to facilitate signa
flow from one location to another within the device. When the chip is powered, internaly
disspated heat devates the device temperature, inducing therma stresses in regions of dissmilar
materid. These stresses, produced by mismatches in the loca coefficient of thermal expansion,
are important parameters to understand, as they directly affect the life of the device.

Figure 7-6 shows a 3-dimensond eectron microscope image of the structure under
sudy. If across-section is taken through the Figure 7-6 via, the geometry illustrated in Figure
7-7isfound. Thetypica viahas adope of 26 degrees, with sharp intersecting corners at signa
plane trangtions.

Figure 7-6: Electron micrograph of 3-D intermetallic via.
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Figure7-7: Inter-metallization via geometry.

The device must operate in a severe environment, with temperatures ranging from -65
°Cto 150 °C. Such alarge temperature excurson causes sgnificant sress in the materids, due
primarily to the difference in coefficients of therma expansion between the metd layers and the
SO, didectric. The dtress problem is made even worse through duty cycling, in which the unit
is powered on and off repeatedly, forcing the viato undergo cyclic stress-strain excursions.

To effect acdculation of the totd cyclic Srain range, the device cross-section was used in
the condruction of a 2-dimensiond, plane gtrain finite dement modd. Asillugtrated in Figure 7-
8, the findized FEM incorporated 702 two-dimensond eements, connecting a total of 758
space coordinates. A vertical constraint boundary condition was placed on nodes of the base
dlicon dioxide layer, while a symmetry argument was invoked on the two Sdes. The top of the
passvation layer was alowed to expand without restraint.

Figure7-8: Finiteelement model of intermetallic via.
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To obtain the cyclic stress-strain response, a temperature field was applied to the model
to smulate repeated heat-up and cool-down cycling between temperatures of -65 °C and 150
°C. Theresulting non-linear, elasto-plastic stress-strain response was obtained, assuming avon
Misesyidld criterion.

Figure 7-9 shows a plot of maximum von Mises equivadent stress versus equivaent
drain from the finite dement model. The output was requested at a sSingle space coordinate,
whose stress-strain response was larger than at any other model |ocation.

Equivalent Stress (Pa)

De, > |A Dep\asnc
[— elastic
= oose | , =.0025

6.00E+07

4.00E+07

2.00E+07
s

-2.00E+07 1

0.0040 0.0050 0.0060

0.0020

-0.0040 -0.0030 -0.0020 0.0010

Equivalent Strain

-4.00E+07

-6.00E+07

-8.00E+07  ~

Figure7-9: Stress-strain hysteresisloop from finite element analysis.

The plot shows atota of 5 temperature cycles, and illustrates a number of interesting
facts. Nonlinearity of the via materid is evident, with yielding seen to occur a the outset of the
initid temperature rise, and subsequently at various points in hot/cold cycling. The materid aso
undergoes strain hardening during each cycle such that, with each subsequent temperature loop,
a dightly higher dress is required to develop the same dtrain. The materia response tends to
dabilize with each successve load reversd, until ardatively stable hysteressloop is achieved.

By examining the last, ostengbly stable hysteresis loop, the total cydlic strain range is
seen to equd approximately 0.008, with eastic and plastic components asindicated in Figure 7-
10. With the cyclic strain range determined, device life can be caculated from Equation 7-2.
For additiona information regarding these techniques, the reader is referred to References [60]
and [62].
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Figure7-10: Static deflection of a 3mm thick Si membrane subjected toa 1 M Pa pressure.

IV. Static Analysis

One of the more common uses of finite dement modeling is to look & the static motion
of mechanicd objects. As presented in Chapter 6, motion becomes very difficult to andyticaly
determine as structures become arbitrarily complex. For this reason, finite eement modeling can
be used to determine the mechanica response of structures to externa forces.

One common application of gatic analyssisin the deflection of thin plates. Application
of finite dement modding yields the result for a square plate of width a, with fixed boundary
conditions, that the deflection of the center of the plate, wo, is gpproximated by:

= qa4
256D (7-3)

WO
where
g = uniformly distributed load
D = flexurd rigidity of the membrane

If thismethod is applied to the entire plate, it will yied a deflection shown in Figure 7-10.
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V. Modal Analysis

Another gpplication of finite dement modding to MEMS is the analyss of resonant
modes. Modd information is useful because @) it shows displacement maxima in a vibration
event, b) it reveds the frequencies of naturd vibration, and it can be used to predict the
stochastic response of the device when it is excited by random vibration, as occurs during a
spacecraft launch. Figures 7-12 and 7-13 show the resulting shapes of two such modes in the
device shown in Figure 6-8. It should be noted that these are naturaly occurring resonant
excitation sates of the device, and will be excited if a harmonic forcing function is applied to the
unit.
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Figure7-11: Finite element model of a micromagnetometer.

Figure7-12: 1st resonant mode.
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Figure7-13: 2nd resonant mode.

VI. Softwar e Tools

Many software tools are available for generd finite dement analyss, and information
regarding a number of theseisincluded in the table below. Note that virtualy al such packages
provide linear dtatic, dynamic and norma modes analyss capabilities. PATRAN and I-DEAS
both have highly evolved user interfaces, and are most suitable for pre- and post-processing of
finite dement models, regardless of the FE solver utilized. ABAQUS and ANSY S are known
for their strong capabilities in highly non-linear anadysis. Both COSMOS and FEMAP are PC-
based codes, designed for optimum performance on Windows-based personal computers.
Cosmic NASTRAN is a public-domain code developed by NASA in the 1960s. As such, it
comes with few features, but is available at very low codt.
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Software Package Capabilities Vendor
Cosmic NASTRAN Linear gatics, dynamics, Universty of Georgia
norma modes Computer Software Mgmt Info Center
382 East Broad Street
Athens, GA 30602-4272
Phone: (706) 542-3265
Web: http://www.cosmic.uga.edu
MSC/PATRAN General pre- and post- MacNeal Schwindler Corp.
MSC/NASTRAN processing package 815 Colorado Blvd.
MSC/ABAQUS Linear datics, dynamics, Los Angeles, CA 90041-1777
norma modes, hest trandfer | Phone: (800) 336-4358
Non-linear datics & Web:  http://mww.macsch.com
dynamics
ANSYS Linear datics, dynamics, ANSYS, Inc.
norma modes, heat transfer | Southpointe
Highly non-linear statics& | 275 Technology Drive
dynamics capability Canonsburg, PA 15317
Phone: (724) 746-3304
Web: http://www.ansys.com
I-DEAS Generd pre- and post- Structura Dynamics Research Corp.
processing package 2000 Eastman Drive
Linear getics, dynamics, Milford, Ohio 45150-2789
norma modes, hedat trandfer | Phone: (513) 576-2400
Web: http://www.sdrc.com
FEMAP General pre- and post- Enterprise Software Products, Inc.
processing package 415 Eagleview Blvd., Suite 105
Linear gatics, dynamics, Exton, PA 19341
norma modes, hedt trandfer | Phone: (610) 458-3660
Web: http://mww.entsoft.com
COSMOS Linear datics, dynamics, Structural Research & Andysis Corp.

norma modes, heat transfer

12121 Wilshire Boulevard, 7th Floor
Los Angeles, CA 90025

Phone: (310) 207-2800

Web: http://mww.cosmosm.com

Table7-1: Finite element modeling softwar e packages.
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Chapter 88  MEM S Packaging

R.D. Gerke

l. Introduction

MEMS s ardativey new fidd which istied so closdly with slicon processng that most
of the early packaging technologies will most likely use “off-the-shdf” packaging “borrowed”
from the semiconductor microdectronics field. Packaging of microdectronics circuits is the
science and art of establishing interconnections and an gppropriate operating environment for
predominantly eectricad (and in the case of MEMS, dectromechanical) circuits to process
and/or store information.

Packaging manifests itsdf in nove and unique creations that ingenioudy reconcile and
satisfy what seem to be mutudly exclusive gpplication requirements and congraints posed by the
laws of nature and the properties of materials and processes. All gpplications can be summed
up in three terms: cogt, performance and rdiability.

Packaging can span from the consumer to midrange sysems to the high
performance/reliability applications. It must be noted that no sharp boundaries exist between
the classes, only agradud shift from optimization for parameters which control performance and
cause the cogt to increase.  All aong, the rdiability must also be consdered. The packaging
chapter that follows will summarize the primary package types that will likely apply to MEMS
technology and the concerns that traditionaly have concerned the microgectronics fied.

Webgter's dictionary defines package as a group or a number of things, boxed and
offered as a unit. MEMS packages can contain many dectrical and mechanica components.
To be useful to the outside world these components need interconnections. Alone, a MEM die
sawed from a wafer is extremely fragile and must be protected from mechanicd damage and
hostile environments. To function, dectrica circuits need to be supplied with eectrica energy,
which is consumed and transformed into mechanical and thermd (heet) energy. Because the
system operates best within a limited temperature range, packaging must offer an adequate
means for remova of hest.

. Functions of MEM S Packages

The package serves to integrate dl of the components required for a system application
in amanner that minimizes size, cost, mass and complexity. The package provides the interface
between the components and the overdl system. The following subsections present the three
main functions of the MEMS package: mechanica support, protection from the environment,
and dectrical connection to other system components.
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A. Mechanical Support

Due to the very nature of MEMS being mechanicd, the requirement to support and
protect the device from thermd and mechanicd shock, vibration, high accderation, particles,
and other physicd damage (possibly radiation) during storage and operation of the part
becomes critical. The mechanica stress endured depends on the mission or gpplication. For
example, landing a spacecraft on a planet's surface creates greater mechanical shock than
experienced by a communication sadlite. There is dso a difference between space and
terrestrial applications.

The coefficient of therma expanson (CTE) of the package should be equd to or dightly
gregter than the CTE of slicon for rdiability, snce thermd shock or thermd cycling may cause
die cracking and delamination if the materids are unmaiched or if the dlicon is subject to tendle
dress. Other important parameters are therma resistance of the carrier, the materid's electrica
properties, and its chemica properties, or resistance to corrosion.

Once the MEMS device is supported on a (chip) carrier, the wire bonds or other
electrica connections are made, the assembly must be protected from scratches, particulates,
and other physica damage. Thisisaccomplished either by adding walls and a cover to the base
or by encgpsulating the assembly in plastic or other materid. Since the eectrica connectionsto
the package are usudly made through the walls, the wdls are typicdly made from glass or
ceramic. The glass or ceramic can aso be usad to provide eectricd insulation of the leads as
they exit through a conducting package wall (metal or composite materids). Although the CTE
of the package walls and lid do not have to match the CTE of glicon based MEMS as they are
not in intimate contact (unless an encapsulating materid is used), it should match the CTE of the
carrier or base to which they are connected.

B. Protection From Environment

a) The Smple—Mechanica only

Many MEMS devices are desgned to measure something in the immediate surrounding
environment. These devices range from biologicd ‘sniffers to chemicad MEMS that measure
concentrations of certain types of liquids. So the traditiond ‘hermeticity’ that is generdly
thought of for protecting microeectronic devices may not gpply to dl MEMS devices. These
devices might be directly mounted to a printed circuit board (PCB) or a hybrid-ike ceramic
substrate and have nothing but a ‘housing’ to protect it from mechanicad damage such as
dropping or something as smple as damage from the operator’ s thumb.

b) The Traditiona —Hermetic and non-Hermetic
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Many eements in the environment can cause corrosion or physical damage to the meta
lines of the MEMS as wdll as other components in the package. Although there is no moisture
in space, moidure remans a concern for MEMS in space gpplications since it may be
introduced into the package during fabrication and before seding. The susceptibility of the
MEMS to moisture damage is dependent on the materids used in its manufacture.  For
example, Al lines can corrode quickly in the presence of moisture, whereas Au lines degrade
dowly, if a al, in moisture. Also, junctions of dissmilar metas can corrode in the presence of
moisture. Moigture is readily absorbed by some materias used in the MEMS fabrication, die
attachment, or within the package; this absorption causes swelling, stress, and possibly
delamination.

To minimize these falure mechaniams, MEMS packages for high rdiability gpplications
may need to be hermetic with the base, sdewadls, and lid constructed from materids that are
good barriersto liquids and gases and do not trap gasses thet are later released.

C. Electrical Connection to Other Systemm Components

Because the package is the primary interface between the MEMS and the system, it
must be cgpable of trandferring DC power and in some designs, RF dgnds.  In addition, the
package may be required to distribute the DC and RF power to other components inside the
package. The drive to reduce costs and system sSize by integrating more MEMS and other
components into a single package increases the eectrica distribution problems as the number of
interconnects within the package increases.

When designs aso require high frequency RF signds, the sgnals can be introduced into
the packege aong metd lines passng through the package wadls, or they may be
electromagneticaly coupled into the package through apertures in the package walls. Idedly,
RF energy is coupled between the system and the MEMS without any loss in power, but in
practice, this is not possble since perfect conductors and insulators are not avalable. In
addition, power may be lost to radiation, by reflection from components that are not impedance
meatched, or from discontinuities in the transmisson lines. The find connection between the
MEMS and the DC and RF lines is usudly made with wire bonds, dthough flip-chip die
attachment and multilayer interconnects using thin dielectric may aso be possible.

D. Thermal Condderations

For samdl dgnd circuits, the temperature of the device junction does not increase
subgtantidly during operation, and thermd disspation from the MEMS is not a problem.
However, with the push to increase the integration of MEMS with power from other circuits
such as amplifiers perhaps even within a single package, the temperature rise in the device
junctions can be subgtantial and cause the circuits to operate in an unsafe region.  Therefore,
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thermd disspation requirements for power amplifiers, other large sgnd circuits, and highly
integrated packages can place severe design congtraints on the package design.

The junction temperature of an isolated device can be determined by
T =Q*R + Tease
where

Q isthe heat generated by the junction and is dependent on the output power of the
device and its efficiency,

R isthethermd resistance between the junction and the case, and
T  isthetemperature of the case.

Normaly, the package designer has no control over Q and the case temperature, and
therefore, it is the thermd resstance of the package that must be minimized. Figure 8-1 is a
schemtic representation of the thermd circuit for atypical package, where it is assumed that the
package base isin contact with a heat sink or case.

It is seen that there are three thermd resistances that must be minimized: the resstance
through the package substrate, the resistance through the die-attach materid, and the resstance
through the carrier or package base. Furthermore, the thermal resistance of each is dependent
on the thermd resigtivity and the thickness of the materid. A package base made of metd or
metal composites has very low thermad resistance and therefore does not add substantialy to the
totd ressance. When dectricdly insulating materids are used for bases metd-filled via holes
are routindy used, under the MEMS, to provide a therma path to the heat sink. Although
therma resstance is a congderation in the choice of the die attach materid, adhesion and bond
srength are even more important.  To minimize the therma resistance through the die-atach
materid, the material must be thin, there can be no voids, and the two surfaces to be bonded
should be smooth.
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1. Typesof MEM S Packages

Each MEMS gpplication usudly requires a new package desgn to optimize its
performance or to meet the needs of the system. It is possible to loosdly group packages into
severd categories.  Four of these categories: 1) al metal packages, 2) ceramic, 3) plastic
packages, and 4) thin-film multilayer packages are presented below.

A. Metal Packages

Metal packages are often used for microwave multichip modules and hybrid circuts
because they provide excdlent therma dissipation and excellent eectromagnetic shielding. They
can have a large interna volume while ill maintaining mechanicd religbility. The package can
use ether an integrated base and sdewals with alid or it can have a separate base, Sdewalls,
and lid. Ingde the package, ceramic subgtrates or chip cariers are required for use with the
feedthroughs.

The sdection of the proper metd can be critical.  Cuw (10/90), Silvar™ (a Ni-Fe
dloy), CuMo (15/85), and Cuw (15/85) dl have good therma conductivity and a higher CTE
than silicon, which makes them good choices. Kovar™, a Fe-Ni-Co aloy commonly. All of
the above materids, in addition to Alloy-46, may be used for the Sdewdls and lid. Cu, Ag, or
Au plating of the packagesis commonly done.

Before find assembly, a bake is usudly performed to drive out any trapped gas or
moigture. This reduces the onset of corroson-related falures. During assembly, the highest
temperature curing epoxies or solders should be used firg and subsequent processing
temperatures should decrease until the find lid sedl is done at the lowest temperature to avoid
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later steps damaging earlier geps. Au-Sn is a commonly used solder that works well when the
two materids to be bonded have smilar CTEs. Au-Sn solder joints of materias with a large
CTE mismatch are susceptible to faigue falures after temperaiure cycling. The AuSn
intermetalics that form tend to be brittle and can accommodate only low amounts of stress.

Weding (using lasers to locdly heet the joint between the two parts without raisng the
temperature of the entire part) is a commonly used dternative to solders. Regardless of the sedl
technology, no voids or misdlignments can be tolerated since they can compromise the package
hermeticity. Hermeticity can aso be affected by the feedthroughs that are required in meta
packages. These feedthroughs are generally made of glass or ceramic and each method (glass
sed or duminum feedthrough) has its weskness. Glass can crack during handling and therma
cycling. The conductor exiting through the ceramic feedthrough may not sed properly due to
metalurgica reasons. Generdly, these failures are due to processng problems as the ceramic
must be metalized so that the conductor (generdly meta) may be soldered (or brazed) to it.
The metdlization process must alow for complete wetting of the conducting pin to the ceramic.
Incomplete wetting can show up as afailure during thermd cycle testing.

B. Ceramic Packages

Ceramic packeges have severd features that make them especidly useful for
microelectronics as well as MEMS. They provide low mass, are easily mass produced, and can
be low in cogt. They can be made hermetic, and can more eadily integrate sgnd digtribution lines
and feedthroughs. They can be machined to perform many different functions. By incorporating
multiple layers of ceramics and interconnect lines, eectrica performance of the package can be
tallored to meet design requirements. These types of packages are generdly referred to as co-
fired multilayer ceramic packages. Detals of the co-fired process are outlined below.
Multilayer ceramic packages adso alow reduced Sze and cost of the tota system by integrating
multiple MEMS and/or other components into a single, hermetic package. These multilayer
packages offer dgnificant sze and mass reduction over meta-waled packages. Most of that
advantage is derived by the use of three dimensionsinstead of two for interconnect lines.

Co-fired ceramic packages are congtructed from individud pieces of ceramic in the
"green” or unfired sate. These materids are thin, plidble films. During a typica process, the
films are dretched across a frame in a way smilar to that used by an artist to stretch a canvas
across a frame. On each layer, meta lines are deposited using thick-film processing (usudly
screen printing), and via holes for interlayer interconnects are drilled or punched. After dl of the
layers have been fabricated, the unfired pieces are stacked and aligned using regidration holes
and laminated together. Findly, the pat is fired & a high temperature.  The MEMS and
possbly other components are then attached into place (usudly organicaly (epoxy) or
metallurgically (solders), and wire bonds are made the same as those used for meta packages.
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Severd problems can affect the reiability of this package type. Firg, the green-date
ceramic shrinks during the firing slep. The amount of shrinkage is dependent on the number and
position of via holes and wells cut into each layer. Therefore, different layers may shrink more
than others creating stress in the final package. Second, because ceramic-to-metal adhesion is
not as strong as ceramic-to-ceramic adhesion, sufficient ceramic surface area must be available
to assure a good bond between layers. This diminates the possibility of continuous ground
planes for power digtribution and shielding. Instead, metd grids are used for these purposes.
Third, the processng temperature and ceramic properties limit the choice of metd lines. To
eliminate warping, the shrinkage rate of the metad and ceramic must be matched. Also, the metd
must not react chemicaly with the ceramic during the firing process. The metas most frequently
used ae W and Mo. There is a class of Low Temperature Co-fired Ceramic (LTCC)
packages. The conductors that are generdly used are Ag, AgPd, Au, and AuPt. Ag migration
has been reported to occur a high temperatures, high humidity, and adong faults in the ceramic
of LTCC.

C. Thin-Film Multilayer Packages

Within the broad subject of thin-film multilayer packages, two generd technologies are
used. One uses sheets of polyimide laminated together in a way Smilar to that used for the
LTCC packages described above, except afind firing is not required. Each individua sheet is
typicdly 25 mm and is processed separatdly using thin-film metd processng. The second
technique aso uses polyimide, but each layer is spun onto and baked on the carrier or substrate
to form 1- to 20 nm-thick layers. In this method, via holes are either wet etched or reactive ion
etched (RIE). The polyimide for both methods has a relative permittivity of 2.8 to 3.2. Since
the permittivity is low and the layers are thin, the same characterigtic impedance lines can be
fabricated with less lineto-line coupling; therefore, closer spacing of lines is possble. In
addition, the low permittivity resultsin low line capacitance and therefore faster circuits.

D. Plastic Packages

Plastic packages have been widdy used by the eectronics industry for many years and
for dmost every gpplication because of ther low manufacturing cost.  High rdiability
goplications are an exception because serious rdiability questions have been raised. Plastic
packages are not hermetic, and hermetic seds are generdly required for high reiability
goplications. The packages are dso susceptible to cracking in humid environments during
temperature cycling of the surface mount assembly of the package to the mother-board. Plastic
packaging for space gpplications may gain acceptability as time goes on.  The reiability of
plastic packagesis presented in Section 8-V.
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V. Package-to-M EM S Attachment

The method used to attach a MEMS device to a package is a generd technology applicable to
most Integrated Circuit (IC) devices. Generdly referred to as die attach, the function serves
severd citica functions. The main function is to provide good mechanica attachment of the
MEMS dstructure to the package base. This ensures that the MEMS chip (or die) does not
move relative to the package base. It must survive hot and cold temperatures, moisture, shock
and vibration. The attachment may aso be required to provide a good therma path between
the MEMSS structure and the package base.  Should heat be generated by the MEM S structure
or by the support circuitry, the attachment material should be able to conduct the heat from the
chip to the package base. The heat can be conducted away from the chip and ‘spread’ to the
package base which is larger in Size and has more therma mass. This spreading can keep the
device operating in the desred temperature range.  If the support circuitry requires good
electrica contact from the silicon to the package base, the attachment material should be able to
accommodeate the task.

173



The stability and rdliahility of the atach materid islargdy dictated by the ability of the materid to
withgtand thermomechanica stresses created by the differences in the coefficient of therma
expanson (CTE) between the MEMS dlicon and the package base materid. These stresses
are concentrated at the interface between the MEMS silicon backside and the attach materia
and the interface between the die attach materia and the package base. Silicon has a CTE
between 2 and 3 ppm/°C while most package bases have higher CTE (6 to 20 ppm/°C). An
expression which relates the number of thermad cycles that a die atach can withstand before
falure is based on the Coffin-Manson rdationship for srain. The equation below defines the
casefor die atach,

a2 2*t o]
N (f ) u g 9 * * -
eL*DCTE* DT g
where
g = shear strain
m = materid congtant
L = diagond length of the die
T = die-attach materia thickness
COMPRESSIVE MEMS DEVICE COMPRESSIVE
STRESS DIEATTACH MATERIAL STRESS

Figure8-2: MEM Sdevicein compression.

Voids in the die attach material cause aress of localized stress concentration that can
lead to premature delamination. Presently, MEMS packages use solders, adhesives or epoxies
for die attach. Each method has advantages and disadvantages that affect the overal MEMS
reliability. Generdly, when a solder is used, the silicon die would have a gold backing. Au-Sn
(80-20) solder generdly is used and forms an Au-Sn eutectic when the assembly is hested to
approximately 250°C in the presence of a forming gas. When this method is gpplied, a single
rigid assembled part with low therma and electrical resistances between the MEMS device and
the package. One problem with this attachment method is that the solder attach is rigid (and
brittle) which meansiit is critica for the MEMS device and the package CTES match since the
solder cannot absorb the stresses.

174



Adhesives and epoxies are comprised of a bonding materid filled with metd flakes as
shown in the figure. Typicaly, Ag flakes are used as the metd filler since it has good dectrical
conductivity and has been shown not to migrate through the die attach materia.[1,2] These die
attach materias have the advantage of lower process temperatures. Generaly between 100 and
200 °C are required to cure the materid. They dso have a lower built-in stress from the
assembly process as compared to solder attachment.  Furthermore, since the die attach does
not create arigid assembly, shear stresses caused by therma cycling and mechanicdl forces are
relieved to some extent.[3,4] One particular disadvantage of the soft die attach materids are
that they have a dgnificantly higher eectrica resdivity which is 10 to 50 times greater than
solder and a therma resigtivity which is 5 to 10 times greater than solder. Lastly, humidity has
been shown to increase the aging process of the die-attach materid.[2]

MEMS DEVICE

Ag Flakes

RS S P& =P g
S 7 DIEATTACH MATERIAISS &

PACKAGE BASE
Figure8-3: Schematicrepresentation of silver filled epoxy resin.

V. Chip Scale Packaging

A. Flip Chip

Controlled Collgpse Chip Connection (C4) is an interconnect technology developed by
IBM during the 1960s as an dterndtive to manud wire bonding.

Often cdled "flip-chip,” C4 attaches a chip with the circuitry facing the subgtrate. C4
uses solder bumps (C4 Bumps) deposited through a Bump Mask onto wettable chip pads that
connect to matching wettable substrate pads (Figure 8-4). MEMS technology initidly may not
use flip chip packaging but the drive toward miniaturization may necesstate its incorporation into
future designs.

"Hipped" chips dign to corresponding substrate metd patterns.  Electricd and
mechanica interconnects are formed smultaneoudy by reflowing the C4 Bumps (Figure 8-5).
The C4 joining process is sAf-digning, i.e., the wetting action of the solder will dign the chip's
bump pattern to the corresponding substrate pads. This action compensates for dight chip-to-
Subgtrate misdignment (up to severd mils) incurred during chip placement.
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An added festure of C4 is the ability to rework. Severa techniques exigt that alow for
removal and replacement of C4 chips without scrapping the chip or subgtrate. In fact, rework
can be performed numerous times without degrading qudity or religbility.

Substrate Pads

Figure8-4: C4 (Controlled Collapse Chip Connection) flip chip.

For improved rdiability, chip underfill may be injected between the joined chip and
subdtrate as illugtrated in Figure 8-5. It should be noted that any rework must be performed
prior to gpplication of chip underfill.

Cc4 Blump Chip Underfill

Chip
Ll A AL Sy AE A Ay AP

\ N

Figure8-5: Mechanical and electrical connections.

It is important to recognize certain C4 characteristics when deciding on an interconnect
technology. While gpplication, size, performance, reliability and cost al must be factored in the
selection process. However, these factors cannot be gpplied to the chip or product only. The
overdl impact at the sysem level must be considered for an equivaent comparison.
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The primary advantage of C4 isits enabling characterigtics. Specific advantagesinclude:

o Szeand weight reduction

o Applicability for exigting chip designs
0 Increased |/0 capability

o Performance enhancement

0 Increased production capability

o Rework/chip replacement

Key congderations include:

o Additiona wafer processng vs. wire bond
o Supplementd design groundrules
o Wafer probe complexity for array bump patterns

o Uniquethermd congderations

Most importantly, C4 provides performance, size and 1/O dengty improvements. With C4,
nearly the entire chip surface can be utilized for interconnect pad locations. In fact, it has been
demongtrated that one can have over 2500 C4 Bumps on a chip, and chipswith over 1500 C4
Bumps are in production.

C4 enables increased interconnect density. Signdl, clock and power connections can be placed
amogt anywhere on the chip and redundancy means digtributions can be optimized for minimum
noise and skew, current dendty and line length. Additionaly, on-chip wiring can be reduced
since z-axis escapes are available where needed.
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Figure 8-6 compares single row wirebond and C4 chips. Each chip is 8 mm (200 mil) square.
Wirebond pitch is 76 nm (3 mil) pads on 100 mm (4 mil) centers. C4 pitch is 100 mm (4 mil)
bumps on 230 mm (9 mil) centers. In this example, interconnect density isincreased over 140%
using C4.
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Figure 8-6: Interconnect density (wirebond vs. C4).

The religbility of flip-chip contacts is determined by the difference in the CTE between
the chip and the ceramic substrate or the organic printed circuit board (PCB). For example, the
CTE for silicon is~2 — 3 ppm/°K,, for 96% duminait is 6.4 ppm/°K, and for PCB it is typicdly
20 to 25 ppn/°K. The CTE mismatch between the chip and the carrier induces high therma
and mechanical stresses and strain at the contact bumps. The highest strain occurs at the corner
joints, whose distance is the largest from the distance neutrd point (DNP) on the chip. For
example, the DNP for a2.5- x 25-mm chip is 1.7 mm. The thermomechanica stress and strain
cause the joints to crack. When these cracks become large, the contact resistance increases,
and the flow of current is inhibited. This ultimately leads to chip eectricd falure. The typicd
reliability defined failure criterion is an increase in resstance in excess of 30 MWV over the zero
time vaue[5] The tradeoff in sdecting the bump height is that large bumps introduce a series
inductance that degrades high-frequency performance and increases the therma resistance from
the device to the carrier, if that isthe primary heet path.

The riability of the bump joints is improved if, after reflow, a bead of encagpsulating
epoxy resin is dispensed near the chip and drawn by capillary action into the space between the
chip and the carrier. The epoxy is then cured to provide the find flip-chip assembly. Figure 8-5
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shows atypicd flip-chip package. The epoxy-resin underfill mechanicaly couples the chip and
the carrier and localy condrains the CTE mismaich, thus improving the reliability of the joints.
The mogt essentid characteridtic of the encagpsulant is a good CTE match with the z-expanson
of the solder or the bump materid. For example, if one uses 95 Pb/5 Sn solder having a CTE
of 28 ppmv°K, an encapsulant with a CTE of about 25 ppm/°K is recommended. Undefilling
aso dlows packaging of larger chips by increasing the alowable DNP. In some cases, the
encapsulant acts as a protective layer on the active surface of the chip

Good adhesion among the underfill materid, the carrier, and the chip surface is needed
for stress compensation.  The adhesion between the surfaces can be lost and delamination can
take place if contaminants, such as post-reflow flux residue, are present. For this reason, a
fluxless process for flip-chip assembly is desirable[5] Unfortunately, flip-chip bonding on PCB
requires the use of flux.[6] However, on ceramic carriers with gold, slver, and paladium-silver
thick-film patterns and via metdlizations, fluxless flipchip thermocompresson bonding with gold-
tin bumps has demongtrated high rdiability.[5] The results of reigbility testing[5] are summarized
in Table 8-1 and may serve as aguiddine for future work.

Parameter
Bump height 30to 70 nm
Chip size A few mm
Chip carrier Ceramic
Carrier camber 5 nm per cm
Camber compensation By bump deformation
Underfill Yes
Therma cycling After 6500 cycles (-55°C to +125°C), no contact failure and no

change in contact resistance

High-temperature storage | After 1000 h, no increase in contact resistance

Temperature and humidity | After 1000 h (85C and 85% RH), no change in contact
resistance

Pressure-cooker test After 1000 h (121°C and 29.7 psi), contact resistance increased
dightly from 3 mW to 4 mW

Table8-1: Summary of reiability test conditionsand resultsfor fluxlessflip-chip thermocompression-
bonded bump contacts.

Finally, care should be taken that the encapsulant or underfill covers the entire undersde
without air pockets or voids, and forms complete edge fillets around dl four sdes of the chip.
Voids cregte high-stress concentrations and may lead to early delamination of the encapsulant.
After assembly, a scanning acoustic microscope can be used to locate voids in the encapsulant.
The encapsulant should aso be checked for microcracks or surface flaws, which have a
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tendency to propagate with thermd cycling and environmenta attacks, eventudly leading to chip
falure[7]

B. Ball-Grid-Array (BGA)

Bdl Grid Array is a surface mount chip package that uses a grid of solder bals as its
connectors. It is noted for its compact sSize, high lead count and low inductance, which alows
lower voltages to be used. BGAs come in plastic and ceramic varieties. It essentialy has
evolved from the C4 technology whereas more I/Os can be utilized in the same area as in a
peripherdly leaded package (or chip). The CBGA and PBGA are not truly Chip Scde
Packaging but the evolution to the MBGA has come out of the experience the industry has
gained from the CBGA and PBGA packages.

) Ceramic Ball-Grid-Array (CBGA)

Origindly desgned by IBM, the CBGA was developed to complement their C4 (flip-
chip) technology. The package is comprised of a ceramic (alumina) substrate and a C4 chip
and an duminum lid as depicted in Figure 8-7. The bal-grid spacing is on 50 mil centers with
solder balls composed of high melt solder (90/10 P/Sn) attached by eutectic solder (63/37
S/Po). Recent designs have concentrated on miniaturization and have reduced the package
Sze and utilized 40 mil on center solder balls,
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Figure8-7: Ceramic Ball-Grid-Array Package shown with connections on 50 mil centerswith a) top
view, b) sdeview and c) bottom view illustrating the high number of connections.
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Aluminum covers that have typicaly been used with the C4 technology have been bonded
with a slicone adhesive (Sylgard 577) to provide a non-hermetic sed.  With the flip-chip
technology this is usualy adequate for most applications. A hermetic sedl can be accomplished
by designing a sed ring into the ceramic and using a Ni/Fe cover plate for soldering.

The package as described above has a cavity which would alow for typicd chip-and-wire
technology to be utilized. A MEMS device could be utilized in the wire bond package
configuration first and migrate to use as aflip-chip in later desgns.

i) Plastic Ball-Grid-Array (PBGA)

The Plagtic Ball-Grid-Array (PBGA) is very amilar to the plastic packaging technology
described in Section 8-V. It is based on the same chip-and-wire technology and has moisture
sengitivity (i.e,, susceptible to ‘popcorn’ cracking during solder reflow) issues judt like plastic
packaging. It is different in that it is built on a printed circuit board subgirate rather than a
leadframe (metal) materid (Figure 8-8). The attach method (to the motherboard) is
accomplished by soldering solder bals or bumps rather than leads.
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Figure8-8: A schematic representaion of a Plastic Ball-Grid-Array Package.

One advantage this technology has over conventiond plastic packaging is that the PC
board materia (which can vary from FR4 to polyimide to BT resin to name afew materids) can
be asmple 2 layer board or be made of multiple layers. Additiona layers dlow for power and
ground planes.

i) Micro-Ball-Grid-Array (mBGA)

NBGA is atrue “Chip Scde Package’ (CSP) solution, only dightly larger than the die
itsdf (die + 0.5mm). It isthe ided package for dl memory devices such as Flash, DRAM and
SRAM. UBGA packages enable broad red-estate reductions of typicaly 50-80 percent over
exiging packages. End use applications include cel phones, sub-notebooks, PDAS,
camcorders, disk drives, and other space-sendgitive applications. This package is aso an
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excdlent solution for gpplications that require a smdler, thinner, lighter or dectricdly enhanced
package. It therefore lends itsdf nicely to space flight applications.

The uBGA package is congructed utilizing a thin, flexible circuit tape for its substrate
and low gress elastomer for die attachment. The die is mounted face down and its eectrica
pads are connected to the subgirate in a method smilar to TAB bonding. After bonding these
leads to the die, the leads are encapsulated with an epoxy materid for protection. Solder balls
are attached to pads on the bottom of the substrate, in arectangular matrix Smilar to other BGA
packages. The backside of the die is exposed dlowing heat sinking if required for therma
gpplications. Ball pitches available today are 0.50, 0.75, 0.80, and 1.0 mm. Other features and
benefits include: 0.9 mm mounted height, excellent dectricd and moisture performance, 63/37
S/Pb solder bdls, and full in-house design services.

VI.  Multichip Packaging

A. MCM/HDI

Multichip packaging of MEMS can be a viable means of integrating MEMS with other
microelectronic technologies such as CMOS. One of the primary advantages of using multichip
packaging as a vehicdle for MEMS and microdectronics is the ability to efficiently host die from
different or incompatible fabrication processes into a common subgtrate.  High performance
multichip module (MCM) technology has progressed rapidly in the past decade, which makes it
attractive for use with MEMS.

The Chip-on-Flex (COF) process has been adapted for the packaging of MEMS,[§]
One of the primary aress of the work was reducing the potentia for heat damage to the MEMS
devices during laser ablation. Additiond processing has aso been added to minimize the impact
of incidentdl residue on the die[9]

i) COF/HDI Technology

COF isan extenson of the HDI technology developed in the late 1980's. The standard
HDI "chips fird" process condsts of embedding bare die in cavities milled into a ceramic
subgrate and then fabricating a layered thinfilm interconnect structure on top of the
components. Each layer in the HDI interconnect overlay is congtructed by bonding a didectric
film on the subgrate and forming via holes through laser ablation. The metdlization is crested
through sputtering and photolithography.[10]

COF processng retains the interconnect overlay used in HDI, but molded pladtic is
used in place of the ceramic substrate. Figure 8-9 shows the COF process flow. Unlike HDI,
the interconnect overlay is prefabricated before chip attachment. After the chip(s) have been
bonded to the overlay, a subdrate is formed around the components using a plastic mold
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forming process such as transfer, compression, or injection molding. Vias are then laser drilled
to the component bond pads and the metdlization is sputtered and patterned to form the low
impedance interconnects[11]

For MEMS packaging, the COF process is augmented by adding a processing step for
laser ablating large windows in the interconnect overlay to dlow physica access to the MEMS
devices. Figure 810 depicts the additional laser ablation step for MEMS packaging.
Additiond plasma etching is dso included after the via and large area laser ablaions to minimize
adhesive and polyimide residue which accumulates in the exposed windows.

|, Fabricate overlay and pattern copper inperconpects

- T Uliradel {polyimide)

1. Apply adhesive and bond doe o overlay

i DIE DIE |

1. Mold plastic substrate arcund die

Figure8-9: Chip-on-Flex (COF) processflow.[1]

Laser ablated windows for MEMS access
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Figure8-10: Largeareaablation for MEM Saccessin COF package.

i)  MEMSTest Chip

MEMS test die can be used in research to assess the impact of various packaging
technologieson MEMS. Test dietypicaly contain devices and structures designed to facilitate a
sructured method of monitoring the health of MEMS devices after packaging.

Surface micromachined test die have been avallable through the Multi-Ussr MEMS
Processes (MUMPs). The MUMPs process has three structurd layers of polysilicon which are
separated by sacrificid layers of slicon oxide. The subgrate is dectricaly isolated from the
polyslicon layers by a slicon nitride barrier.  The top layer of the process is gold and is
provided to facilitate low-impedance wiring of the MEMS devices but can aso be used as a
reflective surface for optical devices. Table 8-2 lists nomind thicknesses of the various layers,
and Figure 8-11 shows a cross-sectiond view of anotional MUMPs layoui.

Layer Thickness (hm)

Gold 0.5
Poly 2 15
2" Oxide 0.75
Poly 1 2.0
1% Oxide 2.0
Poly 0 0.5
Nitride 0.6

Table8-2: MUMPslayer thickness.[10]
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Figure8-11: Cross-section of MUM Pslayout.[10]

Among the test structures on the test die are breakage detectors to monitor excess force
and polysilicon resistors to monitor excess heating. Other devices on the die are representative
of MEMS sructures which might be used in an actud application. Table 8-3 ligts generd
categories of devices on the surface micromachining test die.

Device Category

Breakage Detectors
Polysilicon Resgtors
Variable Capacitors
Flip-up and Rotating Devices
Thermd Actuators
Electrogtatic Piston Mirrors
Electrogtatic Comb Drives

Table8-3: MEM Sdevice categoriesincluded on surface micromachining test die.

The bulk micromachining test die was fabricated through MOSIS using the Orbit
CMOS MEMS process. The CMOS MEMS process is based on the standard 2 mm CMOS
technology. The CMOS process has two meta and two polyslicon layers.  Additiona
processing is added to alow MEMS fabrication. Provisons are made to specify cuts in the
overglass to expose the silicon substrate for bulk micromachining. In addition, regions of boron
doping can be specified to form etch steps for anisotropic silicon etchants such as ethylene
diamine Pyrocatechol (EDP) and potassum hydroxide (KOH). These tools alow for bulk
micromachining to be accomplished in the standard CMOS process[12] Table 8-4 lists some
of the device categories represented on our bulk micromachining test die. A sampling of

integrated circuits such as ring oscillators for testing package interconnects was adso included on
the test die.

Device Category

Breakage Detectors
Polyslicon Resistors
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Cantilevers
Suspended Structures
Thermd Bimorphs

Table8-4: MEM Sdevice categoriesincluded on bulk micromachining test die.

COF overlay ——

Micromirror
arrays

Flip-up
Fresnel lens

Figure8-12: Windowslaser ablated in COF overly for MEM S access.[9]

B. System on a Chip (SOAC)

System on a chip may not necessarily be classfied as a packaging technology. It is
derived from the wafer fabrication process where numerous individua functions are processed
on asingle piece of dlicon. These processes, generdly CMOS technology, are compatible with
the MEMSS processing technology. Most SOAC chips are designed with a microprocessor of
some type, some memory, some signa processing and others. It is very conceivable that a
MEMS device could one day be incorporated on a SOAC. Initidly, it may be incorporated by
some other packaging technology such asflip chip or TBGA.

VIl. Plastic Packaging (PEMYS)

Most MEM S designs either have moving parts or do not alow for intimate contact of an
encgpsulating materia such as in a traditiond plastic package. Furthermore, plastic packages
have not gained wide acceptance in the field of space applications. However, there are many
semiconductor designs that are beginning to be flown in space gpplications. Programs such as
Commercid of the Shdf (COTS) which include Plastic Encapsulated Microdectronics (PEMS)
are gaining wide acceptance. It is therefore important to outline the basic issues in PEMSs for
MEMS agpplications.

186



Studies have shown that during the high-temperature soldering process encountered
while mounting packaged semiconductor devices on circuit boards, moisture present in a plastic
package can vaporize and exert stress on the package. This stress causes the package to crack
and aso causes delamination between the mold compound and the lead frame or die. This
phenomenon is often referred to as ‘popcorn’ cracking. These effects are most pronounced if
the package has greater than 0.23% absorbed moisture before solder reflow.[13] Figure 8-13
shows atypicd example of a package crack. The mismatch in therma expansion coefficients of
the package's components also induces stresses. If these combined stresses are greater than the
fracture strength of the plastic, cracks will develop. The cracks can provide a path for ionic
contaminants to reach the die surface, and/or die delamination can cause wire-bond failure.
Hence, these are reliability concerns.

GOLD BOND WIRE / DIE MOLD COMPOUND

I d LEADS
————— >
/ DIE ATTACH/ \ DIE PADDLE

CRACK

Figure 8-13: Typical plastic package showing the onset of a crack.

JEDEC defines five classes for moisture resistance of plastic packages and sengitivity to
‘popcorning’. Class 1 is defined as unlimited exposure to moisture and the package will ill not
exhibit ddamination during the surface mount operation. Class 5 can tolerate minimd exposure
to moisture before it needs to be dried (by baking in an oven set at ~125°C for a duration of 8
to 24 hours depending on the package). Classes 2 through 4 are defined as somewhere in
between the extremes. Most commercia packages are classfied as class 3 moisture resistant.

To overcome the delamination problem, results derived from numericd smulation and
experimental data can serve as a guide in the sdection of suitable molding compound
properties[14] The properties consdered are the adhesion strength, S, and the coefficient of
therma expanson, a. These results are summarized in Figure 8-14.
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The amount of moisture a particular package design can take up prior to delamination and
catastrophic popcorning can be empiricaly determined as shown in Figure 8-15. As can be seen, a
high moisture environment (as well as high temperature) greetly reduces the amount of time on a
production floor prior to the surface mount operation.
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Figure 8-15: Moistureweight gain of a plastic package exposed to two different moisture conditions.

Alsp, it has been shown that polyimide die overcoat, or PIX, can reduce the percent of die
or pad ddamination by up to 30% on parts subjected to temperature cycling.[13,15] This PIX
coating can mechanicaly support air bridges during plastic encapsulation, provide a more uniform
electrical environment for the die, and provide protection to the surface of the die. Figure 8-16
shows cross sections of three PIX-treated dies. It has been reported that the PIX shown in Figure
8-16(a) yidds the best improvement in reliability.[13] The PIXs shown in 8-16(b) and (c) are not as
desirable, because, respectively, they cause wirebond stress and do not protect the die surface.
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Figure 8-16: Polyimidedie overcoat (P1X) on MEM Sdie: (a) PIX on MEM Stop surfaceonly, (b) PIX on
MEM S and package frame, and (c) PIX on package frame and sdesof MEM Sonly.

The last mechanisms by which a chip can fal in a plastic package are caused by bond-
wire sweep and lift-off, which in turn are caused by the viscous flow of the molten plastic mold
compound. The viscosty of the molten pladtic is a function of the filler particle sze and
concentration.  Figure 8-17 shows the typica geometries of wire bonds with different die
sttings. Studieq16] show that of the three wire bonds, the one with the raised die experiences
the largest maximum displacement.  Further, the raised die and the downset die experience
maximum stress at the ball bonds. In these cases, plastic deformation of the bal bonds is a
magor cause of failure. In contragt, the wire bond for the double-downset die suffers only eagtic

deformation.  Thus, the double downset is the recommended device layout to minimize bond
wire sweep.
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Figure8-17: Typical geometry of wirebond with different die settings: (a) raised, (b) downset, (c) double
downset.
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Chapter 9: Test Structures
B. Stark

As previoudy mentioned, there is a serious debate within the MEMS community about
the materids properties of thin films. Accurate knowledge of these properties is critica for
assessing the long-term reiability of MEMS devices. In order to measure thin film properties
and make these basic assessments, test structures are needed. Test structures are, in ther
smplest sense, sensors. Instead of sensing externd forces they sense the environment they are
exposed to. Mogt fabrication facilities utilize test structures on their production line to assess the
quality of their process.

In order to ensure reliable operation, test structures that characterize both the process
and materials used to manufacture devices must be made concurrently. It isthe analyss of these
test structures that will enable systems engineers to incorporate MEMS into their designs with a
high degree of confidence in ther reigbility. This chapter describes some of the basic test
structures used and their implications.

l. Technology Char acterization Vehicle

A technology characterization vehicle, or TCV, isa dructure that is used to evauate the
effects of specific fallure mechanisms on atechnology. Typicaly the devices used in TCVs will
be derived from a standard library of device dements. This library might include cantilever
beams, membranes, and other structures that are used commonly in MEM S technology.

Technology characterization vehicles will be subjected to a given test in order to predict
falure from particular fallure mechaniams. These dructures should be used to determine an
edimate of the mean-time-to-failure and failure probability models. The use of these devicesis
a critical part of the quaification process, as they provide a wedth of knowledge about the
reliability of dructures. TCVs should be packaged and handled exactly the same as other
MEMS so that the information that they provideis as accurate as possible.

1. Standard Evaluation Devices

A dandard evauation device, or SED, is Smilar to a TCV except that an SED is not
congtructed out of typical design elements, but is instead congtructed out of actua sensor and
actuator structures. Usualy the SED is a less complicated verson of a completed device and
provides reiability information about the performance of devices ingead o